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Abstract

In this thesis, a comprehensive study is carried out to explore the recently observed
heavy light charm (D) and bottom (B) mesons. Ever since the discovery of heavy
quarks ¢ and b, study of the properties of heavy hadrons drew a special attention.
Experiments at LHCb, BaBar, Belle, BESII/III, CLEO, CDF etc are producing
many new charm and bottom meson states with high precision that can be relied
upon. Therefore, relevant theoretical approaches should be applied to understand
these mesons. Various theoretical models like heavy quark effective theory (HQET),
potential model, lattice QCD, QCD sum rules etc are available for the study of these
D and B mesons. In the past few years, HQET has emerged out as a successful
model for studying the properties of heavy mesons. In this thesis, we intend to
study the basic properties like masses, strong decays, branching ratios, splittings for
the newly observed heavy -light mesons in both charm and bottom sector. By this
study we will be able to complete the charm and bottom spectra up to F-wave and
P-wave mesons for radial quantum numbers n=1 and n=2 respectively. This thesis

is organized into six chapters, a transient outline of which is given below.

e Chapter 1 involves the fundamental discussion about the theoretical phe-
nomenons available for study of bound state of quarks interacting by the ex-
change of gluons. Here, we have classified the bound state hadrons into baryons
composed of qqq structure and mesons having qq composition. To study the
mesons especially the heavy-light D and B mesons which come in the low
energy regime, various non-perturbative approaches like potential models, lat-
tice QCD, effective theories, QCD sum rules used in literature are reviewed
in detail. The major focus is given on the effective field theories. Contrary
to the other phenomenological models, the Lagrangians in theories are con-
structed according to QCD symmetries and the interaction terms are orga-

nized systematically by some expansion parameter(s). The effective theories

1



are model-independent. We mainly emphasize on the basic concept behind the
effective theories specifically for the heavy quark effective theory and heavy
hadron chiral perturbation theory. Two basic symmetries of the QCD one in
the infinite heavy quark limit m¢g — oo, Q = c,b and other in the chiral limit of
the light quarks m, — 0, q = u,d,s are explored. Later in this chapter, the idea
of spontaneous symmetry breaking of chiral symmetry and its consequences
leading to the origin of light pseudoscalar mesons are reanalyzed. Finally we
have shown the connection between the theoretical and experimental study

that are going to brief the motivation of provided thesis.

In Chapter 2, we give details of the HQET framework used in the thesis to
study the heavy-light charm and bottom mesons. We start by exploring the

concept of heavy quark SU(2Ny) spin and flavor symmetry which serve as the
origin of heavy quark effective theory. We present a general notation nLg, J*

for any heavy-light state for its quantum numbers. In particular, J¥ notations
for the S-wave ground state and low-lying excited P-wave states are mentioned.
We also define how the static nature of the heavy quark, classify the states into
doublets which are represented by some covariant effective fields like H,, S,, T}
etc. We proceed to write the effective general lagrangian for heavy-light system
in the inverse powers of 1/mg, by emboding the heavy quark symmetry in
the QCD lagrangian. This results in the modification of the QCD Feynman
rules in the mg — oo limit. The leading order term of this lagrangian will
preserve the heavy quark symmetries while the higher orders will break these
symmetries. This chapter also provides a short introduction to the chiral
perturbation theory which describes the low energy interactions between the
higher excited heavy-light charm and bottom mesons and their ground state
S-wave mesons by the emission of goldstone bosons 7,7, K. Effective chiral
lagrangians at the leading order describing the interactions among different

doublets help in calculating the two-body strong decay widths. The strong




decay widths formulae dependent on the initial and final meson masses, their
strong coupling constants g, pion decay constant, energy scale A, mass and

momentum of light pseudo-scalar mesons are listed at the end of this chapter.

In Chapter 3, Using the effective Lagrangian approach, we examine the

recently observed non-strange charm states D%(2460), D,;(2560), D%(2680),
D;(2740), D%(2760), D;(3000) and D%(3000) with J¥ states IP%QJ“, 25107,
25%1_, 1Ds27,1D537, 2P 1T and 2Py 07 respectively along with the charmed

strange states D,;(3040), D (2710), D?(2860), D?,(2860) for J© states

2P%1+, 25%1*, 1D%1* and ngS* respectively. We study their two body
strong decay channels, strong couplings and various branching ratios along
with the emission of J¥ = 0~ light pseudo-scalar mesons (7,7, K). We also
analyze the J¥ for newly observed charm state D3(3000). On the basis of the-

oretically available masses, we suggest it to belong to either 1F(2%) or 2P(27)

(D3 (3000)—D*7

) .
I'(D3(3000)— D) by plotting a

state. We then study the branching ratio BR=

graph between this BR and the charm meson mass. The graphical analysis for
this state helps us in justifying one of them to be the most favorable assignment
for D3(3000). We study the partial and the total decay width of unobserved
states D(1'F3), Ds(1'F3) Dg(13Fy), Dg(1'D}), Dg(21Sy) and Dg(23P,). The
branching ratios and the coupling constants gry, guu, 9y a, 9xH, 9su and gz g
calculated in this work can be compared with various upcoming experimental

data.

In Chapter 4, we examine all possible two body strong decay chan-
nels, branching ratios and strong coupling constants of the highly ex-
cited bottom states By(5721), Bj(5747), B15(5830), B;.(5840), B;(5960)
and B;(5840) along the emission of light pseudo-scalar mesons (m,n, K)

within the framework of HQET. We aim to search the possible J¥’s for




the newly observed non-strange bottom state B;(5840) and justify one of
them to be the most favorable assignment for it by studying the associ-
ated branching ratios and decay widths. For this, we examine the the-
oretically available masses for all bottom states and filter out six possi-
ble J¥s 25(17)1/2,25(07 )12, 1D(27)3/2, LD(17)3/2, 1D(37)5/2 and 1D(27 )5
for it. Independency of coupling constants in the branching ratio BR =

% has helped us to choose the one among the six J values for

B;(5840) state. LHCb observed B;(5840) state through Bw channel in 2015
and no other decay mode has been seen, we believe B decay mode to be
more favorable and prominent as compared to B*w. Hence, the probability for
B;(5840) state decaying to this partial decay mode is greater than the other
decay modes.

We examine the newly observed bottom states B;(5721) and Bj(5747) and
their strange partners By (5830) and Bj,(5840) for their coupling constants
involved. We also focus on the strong decays and coupling constant gypy
of B;(5970) for its J¥2S, /217, The computed decay widths of experimen-
tally missing bottom states B(2'Sy), B,(23S1), Bs(2'Sy), B(1'Dy), B4(13Dy)
and B,(1'Dy) will provide a crucial information about upcoming experimental
studies. The branching ratios and the coupling constants grg, gyy and gxpg

calculated in this work can shed some light on the future experimental data.

In Chapter 5, we investigate the available experimental radially excited S
and P wave charm states for estimating the similar spectra of the missing
n=2 bottom states. Within the HQET, we examine the flavor independent
parameters A and Ap for both charm and bottom mesons, where A gives the
spin averaged mass splittings between the excited states and S-wave ground
state and Ap is the mass splittings between the spin partners of the same

doublets. In the limit mg — oo, we expect these parameters to be independent




of the heavy quark flavor i.e. Ag’) = Ag,f) and )\gf) = )\;f). We apply this
heavy quark symmetry on the experimental available data for n = 2 charm
states to predict the masses of experimentally missing n=2 bottom mesons

B(2S), B(2P), Bs(2S) and Bs(2P). We also examine these bottom masses

by applying the QCD and 1/mg corrections of higher order to the leading
order lagrangian, which modifies the flavor symmetry parameters like Ag) =

Ag) +0Ap and /\gf) = )\%C)(S)\F. We determine strong decay widths using these
calculated masses, to check the sensitivity of these corrections for these radially
excited mesons. The calculated strong decay rates are in the terms of coupling
constants gyp, gsg and gry. We conclude that, these corrections are less
sensitive for n=2 masses as compared to n=1 masses. To check the validity
of this framework, we also predict the masses and strong decays for other
doublets like (27,37 )52, (2,3%)5/2. Branching ratios and branching fractions

of these states can be helpful to search for these states experimentally.

Chapter 6, summarizes the work carried out in this thesis. A brief account of
results obtained and conclusion so drawn is discussed and possible extension

of this work from future prospective is outlined.




Chapter 1

Introduction

Particle physics is one of the most important branch of the science as it aims in
searching the most primitive, unchanging form of matter, along with the forces by
which the fundamental particles interact. Basically particle physics is the journey
into the heart of matter. Everything in the universe, from stars and planets, to us
is made from the same basic building blocks of matter. The classification of matter
started in ancient Greece, where fire, water, earth and air were considered as the
basic elements from which all materials were made up of. This conception changes
by famous scientist John Dalton with the discovery of several non-decomposable
elements and the idea of "atom” being the smallest particle was introduced in the
1800’s. However at the end of 19*" century, it was found that the atoms themselves
were not elementary, but rather have constituents.

In 1897, a new era evoked by the discovery of electron by J. J. Thompson [1]. Soon
in 1911, Rutherford revealed that atoms are no longer indivisible, but have non-
uniform structure which is very dense at the center [2]. During first half of the
20" century, proton, neutron and electron were considered to be the fundamental
particles of atom. But again, inquest nature of human being motivated to go beyond
and in 1956, the spectrum of emitted electrons during beta decay suggested that,
very light (zero mass) and neutral particle called neutrino are also emitted in the

this process [3].




SECTION 1.1: STANDARD MODEL

At present, spin 1/2 fermions- quarks and leptons are considered as the smallest
units of matter. Presence of quarks within hadrons is confirmed at lepton-hadron
scattering experiment [4,5].

From this historical remark, we can say that the study of elementary particles has
changed the scenario over the course of time. Today, particle physics is considered
to be the study of (i) the interactions of the elementary particles which are known
till date and (ii) the identification of the new elementary constituents of the matter.
The rapid progress in particle physics has made possible due to the unremitting
interplay between the theoretical and experimental knowledge. The usual method
of studying matter, is to ”break it apart” which is held together by very strong forces.
To investigate the structure of the most fundamental particle, we need to accelerate

them to the huge energies. The de Broglie relation \ ~ % suggests that, the smaller

the distance one would like to analyze, the higher must be the momentum, and thus
the energy of the probe. Therefore, the present technology aims in accelerating the
particles at high energies. At present, 13 TeV energy can be provided to particles
at the worlds most powerful particle accelerator - Large Hadron Collider (LHC).
Due to this fact particle physics is also called as high energy physics. The present
state of experimentation has allowed the study of physics at distance scales down

to about 10716 c¢m.

1.1 Standard Model

Steven Weinberg, Abdus Salam and Sheldom Glashow’s formulated a model in
1970’s to classify the fundamental particles - leptons and quarks and their inter-
actions in terms of the three fundamental forces - strong, weak and electromagnetic
interactions [6-8]. Quantum field theory assembles all the observed particles and
their interactions with the help of the standard model. Both quarks and leptons
are of six types, which are paired in different generations. This model contains 24

fermions, 12 vector bosons, and 4 scalars, which combine to form hundreds of other
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composite particles. At present, three different generations of quarks and leptons
are observed. These generations have been established over a period when these
particles were detected at experiments. All the present stable matters are made
from first generation particles. The heavier particles rapidly decay to the lower sta-

ble generation particles.

The standard model forms a gauge theory with SU(3)smong X SU(2)wear X
U (1) etectromagnetic group. The SU(3) group describes the strong interactions between
quarks whereas SU(2) x U(1) group combines to give the electroweak interactions.
Each group represents a gauge interaction, with associated gauge boson, for the
above three fundamental forces. Associated gauge bosons i.e. gluons (g), photon
(7), W and Z bosons (W=*,Z) are vector particles having J© = 17. Gluon mediates
the strong interactions and it comes in eight different colors. In 1964, Peter Higgs
predicted the higgs boson to be the main component of the standard model. Later
in 2003, it got confirmed at LHC experiment by the ATLAS and CMS collabora-
tions [9,10]. Fundamental particles of the Standard model in particle physics are
tabulated in Table 1.1.

Table 1.1: Classification of fundamental particles of standard model, where P and
J are parity and total angular momentum of particles.

Fundamental Particles Particles J P
leptons (e, ve), (n ), (T7,v) | 1/2 | -

quarks (u, d), (c, s), (t, b) 1/2 | +

gauge bosons g, v, W=, Z9 1 | -
Higgs boson H 0 | +

The electroweak symmetry SU(2) x U(1) is spontaneously broken by the Higgs

doublet which gives mass to the W+ and Z° gauge bosons.

The standard model has made stunningly accurate predictions about certain be-

haviors of the fundamental particles, which are confirmed by many experimental
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measurements. The theory has even predicted the existence of particles that scien-
tists had not observed till then. The top quark, tau neutrinos and higgs boson were
discovered by designing experiments based on theoretical calculations [9,10,98].

Despite the fact that, Standard Model accurately describes the phenomena within
its domain, it is still incomplete [11]. The most familiar force i.e. gravity is not
included in this model, as fitting gravity into this is a very difficult task. The gen-
eral theory of relativity describing the macroscopic world and the quantum theory
describing the microscopic world, are very difficult to fit into a single framework due
to large difference in their couplings. Many other issues like low mass of the higgs
particle, mass of the neutrinos, matter-antimatter symmetry, nature of the dark
energy are yet completely not answered. Many ideas are formulated to address the
problems that require some kind of "new physics” at higher energy scales. Grand
Unified Theory (GUT) is the main challenge for scientists to look into the unification

of three forces. Beyond GUT, there lie Super-Symmetry and Theory of Everything.

1.2 Quark Model

Two theoreticians Gell-Mann [12] and Zweing [13,14] suggest that hadron is a com-
posite particle made of two or more quarks bound by strong forces. They proposed
quark model which classifies various available hadrons in terms of their quantum
numbers like charge(Q), strangness(S), hypercharge(Y), isospin(I), baryon num-
ber(B) etc. Quark model is based on the eightfold way scheme, which arranged these
hadrons according to their charge and strangeness and fitted them into some geo-
metrical patterns like octet and decuplet. Discovery of J/W in 1974 by experiments
at SLAC and BNL supports the existence of more than three quarks. Properties and
quantum numbers of all six quarks up(u), down(d), strange(s), charm(c), bottom(b)

and top(t) are listed in Table 1.2. Electric charge (Q) of all particles is related to their

isospin(,), Baryon number(B), Strangeness(S), Charmness(C), Bottomness(B') and
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Topness(T) by generalized Gell-Mann-Nishijima formula [15, 16]

Q=1.+Y/2, (1.1)

where Y is the hypercharge defined asY =B +S + C + B + T.

Table 1.2: Properties of six flavors of quarks with their quantum numbers. Masses
of the quarks are taken from PDG, where the u, d, and s masses are in (MeV) given

in the M S scheme at a scale of © ~ 2 GeV. The charm and bottom masses are the

running masses in (GeV) taken in MS scheme. The top quark mass results from
CMS and ATLAS experiments at CERN [17].

Property of quark up down | strange | charm | bottom top
(w | (d) (s) (c) (b) (t)
Mass (M) 2.20 4.70 96.00 1.27 4.18 173.21

Electric charge (e) 2/3 | -1/3 -1/3 2/3 -1/3 2/3
Strangeness (S) 0 0 -1 0 0 0
Charmness (C) 0 0 0 1 0 0
Bottomness (B') 0 0 0 0 -1 0
Topness (T) 0 0 0 0 0 1
Isospin (I) 1/2 1/2 0 0 0 0
Isospin z-component (Iz) | +1/2 | -1/2 0 0 0 0

Later in 1964, O.W. Greenberg observed the A*" = (wuu) hadron and intro-
duced the concept of color charges of quarks [18]. Color quantum number explained
the presence of same flavored quarks in some hadron without violating the Pauli ex-
clusion principle. He proposed that, quark not only comes in three different flavors
(u, d, and s) but also comes in three different colors: red, blue or green (antiquark
comes in three anticolors: cyan, yellow and magenta). In ATt each quark is con-
sidered to be of different color, thereby conserving Pauli exclusion principle. In
addition to charge and strangeness, quarks are given three new properties labeled as
redness, blueness, and greenness. A quark having red color charge has one unit of
redness quantum number and zero units of greenness and blueness quantum num-

bers. And its antiparticle has one minus unit of redness, and so on. All the hadrons

10
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form singlets i.e are colorless under SU(3) 0 symmetry. The word ”colorless” de-
scribes that, either all quarks present in a hadron have equal amount of three colors
or total amount of each quark color is zero. This explains why a single quark is
not observed and why hadron cannot come in combination of two quarks qq, or
four quarks qqqq. The only possible combinations which give colorless states are
qq (mesons), qqq (baryons) and ggq (anti-baryons). As each quark comes in three

colors, so in color space, a mesonic state is represented as:
Color Space 3®R3=1688,

here 1 represents the color singlet states. The strong force mediator gluons which

carries two colors in opposite directions comes in eight flavors as rb, br, g, g7, gb,

bg, \/ii(m_" — gg) and \/AE(TF + gg — 20bb).

1.3 Bound states of quarks

In accordance with color confinement, hadrons must be color singlet states [19]. The
quark model has classified hadrons as fermionic baryons formed by qqq combination
and as bosonic mesons formed by ¢g pair. Baryons have non-integral spin with
Baryon number B = 1, while mesons have integral spins and zero baryon number.
The Quark Model has been successfully applied to classify the observed spectra
of hadrons in terms of quarks. In addition to qqq and ¢g, there can be other
combinations of q and § that can give color singlet states, for example qqqqq, qqqq.
These are also allowed in quantum chromodynamics. Such combinations of q and g
other than qqq and qq are categorized as exotic hadrons. qqqqq states are known as

pentaquark and gqqq are tetra-quarks.

1.3.1 Baryons

Baryons are the massive member of the hadrons, made up of three quarks (qqq).

Each baryon has its antiparticle called antibaryon, where their corresponding anti-

11
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quarks replace quarks. Baryon number of the antibaryons is B = -1. Baryons are
strongly interacting particles which participate in the strong interactions mediated
by gluons. The most stable baryons are proton (uud) and neutron (udd), forming
the basic components of nuclei. The conservation of baryon quantum number is
very important for the study of baryon interactions. In flavor space, a hadronic

state formed by combining three quarks can form the multiplet as:

Flavor Space 3®3®3=1008®8® 1

Thus, baryons appear as decuplets and octets. Decuplets have 10 particles with J*
= 3/2% named deltas(AT, AT AY A7), sigmas (X*F, $*0 3*7), cascades (20, 2*7)
and omega(2~). Similarly octet has eight particles with J¥ = 1/27 named nucleons
(p,n), sigmas (X1, %% 37), lambda (A) and cascades (Z°,=7).

In this thesis, our main focus is on mesons, so we will discuss mesons in detail in

the next sub section 1.3.2 ahead.

1.3.2 Mesons

It can be seen from the Table 1.2, that there is a large difference between the masses
of quarks. Thus, by using the QCD fundamental scale "Agep” which is of the
orders of few hundreds of MeV (Agep ~ 200MeV) [20], quarks can be divided into
two groups i.e. light quarks u, d, s and heavy quarks c, b, t. In heavy quarks,
charm is not that massive relative to the bottom and top quarks. Ordinary mesons
are formed by the combination of one quark and one anti-quark. Different quark
anti-quark combination results in different mesonic states with different spin and
parities. For example, for the lowest lying mesons with angular momentum [ = 0,
spins of quark and anti-quark can combine to give singlet state (1) with JF¢ = 0=+
or triplet state (11) with J£¢ = 177, The quantum numbers J, P and C are the
total angular momentum, intrinsic parity and charge conjugation of a meson. For

any meson, P and C are defined as (—1)"! and (—1)"* respectively. Also, based

12
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on the two mass groups of quarks, ordinary mesons are further classified into three

categories: light-light mesons, heavy-light mesons and heavy-heavy mesons.

(a) Light-Light Mesons

As the name suggests, light-light mesons are formed by combining any one of the
three light quarks (u, d, s) with any of the three light anti-quarks (@,d,5). The
ground state of light mesons for S = 0 are represented with J” = 0~ and lower
excited states for S = 1 are given as J© = 1. The former mesons corresponding to
JP = 0~ are known as light-pseudoscalar mesons and the latter ones corresponding

to JI = 17 are vector mesons. In the flavor space, three quark and three anti-quark

can combine as
Flavor Space 3®3 =108

combinations of light mesons. These nine states for light mesons are divided into
SU(3) octet and a singlet. SU(3) octet for light pseudoscalar meson is shown dia-
grammatically in Figure 1.1. The diagram is plotted with isospin and strangeness
taken on horizontal and vertical axis respectively. Particles along the same diagonals
share the same charge Q.

The same mass of up and down quark gives an SU(2) group of isospin symmetry.
With the similar understanding, 7°, 7= and 7~ establish SU(2) flavor or isospin
symmetry. But due to different electric charges of these quarks, this symmetry is
broken by their charge dependent electromagnetic interaction. Being the lightest
hadrons, decay of pseudoscalar mesons to other hadrons is kinematically forbidden,

so these mesons are long lived particles.

13
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Figure 1.1: The meson nonet for light-pseudoscalar mesons with J¥ = 0.

Quantum numbers for light pseudoscalar mesons defined as 15, state along with
their quark content are tabulated in Table 1.3. Later, in this chapter, we will study
these JP = 0~ mesons as pseudoscalar Goldstone bosons resulting from the chiral

symmetry breaking [21,22].

Table 1.3: J = 0~ Pseudoscalar meson states with their quark content and quan-
tum numbers.

. Quantum numbers
Particle Quark contents
I | Iy | Y| Mass (MeV) [17]
ot ud 1] 1] o]13957 )
70 75(dd — ) 1| 0 | 0| 13497
™ du 1| -11]0 | 13957
K+ 5 L] | 493.67
s 2 | T3 octet

K° ds 1 -5 | 1 ]497.61
K- us 2l -1 | -1 493.67
K’ ds Lyl ]| 497.61
s \/Lg(dc_l_—i- uti —2s3) | 0| 0 547.86 |
o L(dd+uu+s3) |0 0 957.78  } singlet

14
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Similarly the quantum numbers for vector mesons defined as 35 state with their

quark content are tabulated in Table 1.4

Table 1.4: JP = 1= Vector meson states with their quark content and quantum
numbers.

, Quantum numbers
Particle | Quark contents
I| Iz | Y| Mass (MeV) [17]
ot ud 1 0| 775.26 )
p° Hwa—dd) | 1| 0 |0 77526
p- du 1| -1 |0 | 775.26
K*+ 5 L4l ] 1 | 891.76
us 2 | T3 octet
K*0 ds -3 1] 89555
K*~ U -2l 89176
K" sd L4l ]| 89555
w Z(dd+wm) | 0| 0 | 0| 782.65
& 53 0] 0 1019.46 ) singlet

7

The particles p and 7 have similar quark content but different spin angular
momentum. The lighter mass of pseudoscalar meson 7, illustrates the extraordinary

variation of hyperfine interaction among quark and anti-quark.

(b) Heavy - Light Mesons

Heavy-light meson is composed of one of the heavy quark Q(c or b) and a light anti-
quark q(u, d or s) or vice versa. Mesons formed by the coupling of charm quark are
known as D mesons and the heavy-light system formed by bottom quark are known
as B mesons. Due to the large mass difference between the light non-strange quarks
(u and d) and the strange quark (s), these heavy light mesons are further classified
as non-stranged and stranged mesons. The suggested Qg quark model assignments

for D and B mesons are shown in Table 1.5.

Top quark being the most massive with mass of 173 GeV, interacts primarily by

15



SECTION 1.3: BOUND STATES OF QUARKS

strong interactions. Lifetime of the top quark is very small roughly of the order of
~ 107%° sec [17], making it very unstable particle. As a result, top quark does not
form hadrons.

Table 1.5: Different quark combinations for heavy-light charm and bottom mesons.

Quark content | Particle | Anti-Particle | S | C | B

cu DO DO 010

D - mesons cd DT D~ 01110
cs Df D; 10110

bu B~ BT 001

B - Mesons bd B° B° 01011
b3 BY BY 1101

Under the isospin symmetry (m, = mg), non-strange D and B mesons transform
as a SU(2) doublet, which when combined with strange mesons form SU(3) triplet
(my, = mg = my).

The [ = 0 ground state D and B mesons being the lightest heavy-light systems
can only decay via weak interactions. Higher excited heavy-light states (I # 0)
can strongly decay to the ground state mesons through the exchange of either light
pseudoscalar mesons or vector mesons. And for the weak decays, the charm quark
in the D meson can decay to s quark and the b quark in B mesons, can decay to ¢
or s quark via an exchange of W particles. These D and B mesons can also decay
electromagnetically by the emission of photons. As the value of the strong coupling
constant is very high as compared to the weak and EM interactions, so the prefer-
ential decay modes are associated with kaon’s (K) and pion’s (7).

The first D meson is observed in a bubble chamber at SLAC in 1976 [23,24] and the
first B meson is observed in 1983 by the CLEO Collaboration [25]. Till now, many
new charmed and bottom mesons are experimentally available. The newly observed

charm states like D3(2460), Do(2560), D5(2740), D,(3000), D3(3000) D} (2680),

16
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D3(2760), D%(3000) etc. and bottom states like By(5721), Bs(5747), B;(5840),
B;(5970), Bs1(5830), Bj,(5840) etc. are at the top interest of the experimentalists
and theorists to study [26-45].

By examining the ground state spectra, it is observed that the mass splitting be-
tween the non-strange and strange D and B states for J© = 07,1~ is consistent with
the SU(3) symmetry breaking of the order of ~ 100 MeV (m; —m,). Center of mo-
mentum of these mesons is almost same as that of the heavy quark, as a result these
D and B mesons possess various symmetries. These symmetries help in formulating
the properties of the heavy-light system in terms of the effective theories.

The origin of different symmetries and effective theories will be discussed later in
this chapter in section 1.5 and 1.6. In this thesis, our main interest is to study the
various properties like splittings, J? assignment, decay widths, masses etc. for the

heavy-light D and B mesons using heavy quark effective theory as our framework.

(c) Heavy - Heavy Mesons

Heavy-heavy mesons are composed by the coupling of both heavy quarks Q(c, b)

to form states like cb, ¢, bb. Most important among these are the mesons made of
same type of quark-antiquark, which are commonly known as quarkonium mesons
i.e. charmonium for ¢¢ and bottomonium for bb. Quantum numbers like charm-
ness and bottomness are zero for these states. Since Compton wavelength of these
systems is small, thus effective theories unlike heavy-light mesons are not required
in heavy-heavy mesons. These systems behave quite similar as the hydrogen atom
and thus can be approximated quantum mechanically. This approach gives so-called
potential models, in which the basic form of the potential is chosen to recreate the
known properties of the strong interaction [46,47]. In recent years, Non Relativistic
Quantum Chromodynamics (NRQCD), has been used to study the heavy quarko-
nium systems [48].

Due to the low rest mass, J/¢ = ¢¢ is the most common form of charmonium, and
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is discovered simultaneously by two independent experimental groups (SLAC and
Brookhaven) in November 1974. Its discovery led the scientists to extend the old
version of the quark model having three light flavored quarks (u, d, s) to include
the first heavy flavored quark named charm. Its discovery is named as November
Revolution in high energy physics. OZI rule strongly suppresses the hadronic de-
cay modes of J/1, thus this particle has long lifetime of 7.2x1072! sec with a very
narrow decay width of 93.2 keV. The first bottomonium state named as T = bb is

first observed at Fermilab in 1977. Its narrow width of 54.02 keV and lifetime of

1.21x10™*%sec gives the evidence of another new heavy quark called bottom [17].

Various potential models [49,50] have predicted the higher excited spectra for both
charmonium and bottomonium system, but experimentally only few are known.
Figures 1.2 and 1.3 shows the experimental available spectra for the heavy-heavy
systems with the horizontal and vertical axis as JF¢ and invariant mass (GeV) re-
spectively of the states. The solid red color lines represent the states as listed in
Particle Data Group (PDG) and the dashed red lines give the experimentally ob-
served states seen by Belle, and the states represented by boxes are the theoretically

predicted masses by Ref. [51].

1.3.3 Exotic States

In QCD, since gluons carry color charges, they not only mediate by strong in-
teractions with quarks, but can also interact among themselves. States with
JEC = 07,0t ,17+,27 with parity P = (—)*! and C-parity C = (—)L+9, which
are not included in quark model are referred as exotic mesons. Even during the
origin of the quark model, Gell-Mann and Zweing proposed the possibility of the
existence of the multiquark states ¢4qq, ¢999q, G3qqqqq etc [12,13,52,53]. These mul-
tiquarks were classified as tetraquarks with quark configuration gqqq, pentaquark
with gqqqq, baryonium as qqqqqq, dibaryon gqqqqq etc. In the last decade, ex-
perimental collaborations like BaBar, Belle, BESII/III, CDF, CLEO, LHCb, CMS,
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Figure 1.2: Spectra of charmonium states.

D@ [54-62,101,102] have detected many new charmonium and bottomonium states.
Some of these states cannot be studied by the simple quark model, so are consid-
ered to be good candidates for the hidden charmed/bottom exotic states including
tetraquarks, pentaquarks or di-meson molecule states etc. Especially the X, Y, Z

states are classified as exotic states, e.g. The states X(3872), Y(3940) are consid-
ered as tetraquarks with c¢eu structure or as molecular state of DD™ and the state
Z.(4248) as cued. Many of the known exotic states are listed in the Particle Data

Group [17], and theoretically there are various potential models [63-67] which are
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Figure 1.3: Spectra of bottomonium states.

able to find the spectra for such states.
Experimental discovery of pentaquarks was first made in 2003 at LEPS in Japan, but

it got confirmed in 2015 by the LHCb prediction of two exotic states P.(4380)" and

—%k

P.(4450)*" [68]. These two states are assigned as the molecular state of 3.(2455)D

and ¥%(2520)D" with uudce structure [69).
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1.4 Quantum Chromodynamics

Quantum chromodynamics (QCD) deals with the strong interactions of colored
quarks and gluons. QCD is a non-Abelian SU(3). gauge symmetry, where ¢ stands
for the color charge of the strong interaction. The massless gluons, force carriers of
strong interaction, themselves carry color charges. The most general structure of

the QCD lagrangian is given as

g = o%auge + gfermions

where the gauge part £ e is

Laa gam, (1.2)

%auge = _4 uv

with
Gh, = 0,40 — 0,A7 — gf*PCAT AT (1.3)

where Gﬁy is the gluon field tensor describing the propagation of gluons and their

self interactions. The last term in Eq.(1.3) makes it invariant under the non-abelian

gauge transformation. A, is the gluon field with A ,B,C being color indices that run

from 1 to NZ — 1, for the color group SU(N¢). For SU(3) group, there are three
colors, thus eight types of gluon fields are present.

And the fermionic part Zrermions 1S
gfermions = Zal(zﬂl - mi)\Iji (14)

Here W; describes the dirac spinors of #" quark with mass m,. The SU(3) color co-

variant derivative D, is defined as D,, = aﬂ+igAﬁ T. This fermionic part represents

the quark propagation and their interaction with the gluon gauge field A4, = A;} ™.
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The quantity g is the strong coupling constant. The y and v are the lorentz indices
that identify the spatial and temporal components of the vector gauge fields. T%
are the SU(3) group generators satisfying [T, T%] = i fAP¢ T¢, where fA5C is the
structure constant of SU(3) group [70-74].

QCD possess the similar structure as that of QED, except the difference that in
QCD, the gauge group is non - abelian with self interacting gluons. This makes
the coupling constant as running coupling constant. Coupling constant ag(u) in
QCD can be defined as the function of the momentum transfer which depicts the
interaction between quarks and gluons in QCD [75]. The lowest order for the strong

interaction constant is given by

127
(33 — 2N,)In ()

QCD

as(p) = (1.5)

where N, is the number of quark flavor and p is the energy-scale parameter known
as the renormalization point. Agep is the QCD dynamical scale at which coupling
diverges. The numerical value of Agep can be estimated either theoretically or
experimentally. Value of the Agep is ~ 200 MeV [20]. Dependence of coupling
constant on energy shown in Eq.(1.5) depicts the underlying phenomenon of hadron
physics from color confinement at large distances to asymptotic freedom at short
distances. It is essential to know the behavior and magnitude of QCD coupling over
the entire energy scale for describing the hadronic interactions at all energy scales.
The change of coupling constant with the energy scale (distance range) is shown in
Figure 1.4.

According to this figure, the two peculiar properties of QCD can be studied as:

e At high energies (short distances) the strong coupling constant «, decreases
logarithmically. When quarks are probed at large energies, they behave as

free particles inside hadrons. This property of strong interactions is known as
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Figure 1.4: The behavior of strong coupling constant o as a function of the mo-
mentum transfer (Q or, equivalently, the inverse of the quark separation distance.

asymptotic freedom. In this limit, a perturbative treatment is reliable where
the physical observable can be expanded in terms of as. The perturbative (high
energy) side of QCD has been confirmed in many experiments. At high energy,
precise knowledge of oy is required to test the high energy models that unify

the strong and electroweak interactions.

e At low energies (large distances), coupling constant becomes strong and
quarks, antiquarks, and gluons are confined. This is known as color or quark
confinement. Experimentally, individual quarks and gluons have not yet
been observed. Instead colorless hadrons are detected. This indeed provides a
strong evidence for the color - confinement hypothesis. In the case of large cou-
pling constant, the direct solution of QCD is complicated. There are, however,

various non perturbative techniques to solve the system at low energy.

There are many non-perturbative approaches to study the hadrons. Most common
approach is an effective field theory (EFT) and can be somehow considered as a
phenomenological theory. Effective field theories are constructed to probe and in-
terpret the dynamics of hadrons by exploiting the symmetries of QCD.

Thus for studying the hadrons, we have two approaches in our hand. The first one

is the perturbative QCD method and the other are non-perturbative phenomeno-
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logical models.
In this thesis, we will utilize phenomenological field theories to investigate the prop-

erties of mesons containing a single heavy quark, in particular charm and bottom

mesons.

1.5 Phenomenological Approaches

As discussed in previous section, we have two approaches to study the hadrons i.e.
perturbative methods and non-perturbative methods. In field theory, a common
technique for extracting information regarding the physical quantities at low energy
is perturbation theory. Due to the asymptotic nature of QCD, perturbative series
expansion breaks at very low energy. This means perturbative analysis can only be
applied well at shorter distances i.e. ~ less than 0.1 fm or momenta larger than
2 GeV. The most important QCD phenomena takes place in the infrared region
(0-2 GeV momenta), so perturbation technique does not help us in understanding
these phenomenons. This means that perturbative approach is not sufficient to get
a complete picture of QCD. So, one has to look for the other available approaches.
Non-perturbative QCD 1is used at low energy regime where the direct theoretical
approaches are hard to apply. At small momentum transfer of around Q ~ 500
MeV, the value of running coupling constant a(Q?) approaches the value 1, making
QCD, a non-perturbative phenomenon. There are various non-perturbative methods
available in literature like sum rules, potential models, lattice QCD, effective theories

etc.

1.5.1 QCD sum rules

The QCD sum rule is phenomenological approach to study non-perturbative phe-
nomena. The QCD sum rules, were developed twenty years back by Shifman, Vain-
shtein and Zakharov (SVZ), and have become an interesting tool in hadron phe-

nomenology [76]. This appears to work well for the calculation of masses of the
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lowest hadronic states and effective coupling constants. The advantages of this
method are well known. In this technique, hadrons are represented by their inter-
polating quark currents taken at large virtualities. The general representation of

two-point correlation function matrix is given as:
(QTO(x)P(y)[€2)

where |(2) represents the ground state of interacting theory and T is the time order-
ing symbol. By performing an operator product expansion (OPE), where the short
and long-distance quark-gluon interactions are separated, a general form for the re-
quired matrix elements is derived. The former is calculated using QCD perturbation
theory, whereas the latter is parameterized in terms of universal vacuum condensa-
tion or light-cone distribution amplitudes. The result of the QCD calculation is then
matched, via dispersion relation, to a sum over hadronic states. The sum rule ob-
tained in this way allows the calculation of observable for the hadronic ground states.
In contrast, the parameters of QCD such as quark masses and vacuum condensate
densities can be extracted from the sum rules that are experimentally known. The
interactions of quark-gluon currents with QCD vacuum fields critically depend on
the quantum numbers (spin, parity, flavor content) of these currents. Therefore, by
using hadronic fields in terms of current, the resulting quantum numbers are not
same. Numerous properties of hadrons with possible flavor combinations have been
calculated by the sum rule method [77,78]. The results are encouraging and in most
cases, they reveal information about the hadronic structure with remarkable agree-
ment with experimental data. Therefore, whenever one needs to determine unknown

hadronic parameters, QCD sum rule prediction is one of the reliable technique.

1.5.2 Potential Models

Another very famous category of phenomenological models involve the introduction
of effective potentials in Hamiltonian formalism. Potential models use the con-

stituent masses of quarks and incorporate interaction terms in it. Quarks within a
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hadron are considered to be non-relativistic and the change in the hadronic prop-
erties due to the addition of gluonic field is represented by the effective potential.
This interaction is in the form of spin dependent potentials, color Coulomb poten-
tials, flavor dependent potentials etc. This interaction is described in terms of the
Wilson coefficients and matrix elements of chromo-magnetic and electric operators.
The simplest potential model derived to study the hadrons containing heavy quark

includes a Coulomb like and a linear term. These are in the form of

V= —CF@ + br (16)

The first term is for the short distance interactions and the other term is for the

strong coupling limit. Later, models were modified and additional terms of spin-
spin, spin-orbit interactions were included in this simplest form [49,80].

All these models provide effective way to analyze various properties of the heavy
mesons. But these models contain many unknown theoretical parameters which need

to be fitted with the experimental data to obtain a precise information of hadrons.

1.5.3 Lattice QCD

The lattice QCD is a well known approach for the study of strong interactions
between colored quarks and gluons. It is formulated on lattice or grid having space
and time points. This grid has lattice spacing a between the points with L being
the total length of the lattice. The quark fields exist at these lattice points with
the gluons existing on the links connecting neighboring sites. Essentially, the links
represent the color field which transforms under SU(3) gauge transformation [81,82].
There are many technical problems involved in the lattice QCD calculations and
some of which can even introduce an unknown amount of systematic error. In
the chiral limit, while studying the properties of light quarks, a very small lattice

spacing a is required which results in increasing the number of lattice points on the
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grid. Lattice QCD calculations for large number of lattice points is both time and
money consuming. Monte Carlo methods for solving the lattice QCD calculations
require the largest supercomputers. But, now quenched approximations and Dyson-

Schwinger equation formalism have effectively modified this approach.

1.5.4 Effective Field Theory

Effective field theory is another non-perturbative approach to study the QCD dy-
namics. Effective theory is type of approximation, in which a physical phenomenon
is separated at different scales, so that one can examine the required physics at a
particular scale and certain degrees of freedom (DOF) at this chosen energy scale
are ignored. At a chosen energy scale, one explores the symmetry limits and de-
scribes the non-perturbative effects in terms of some low energy constants which
are determined from the experimental data. This works when the effects of a very
heavy particle are not so important for certain low energy phenomena, and one can
remove the corresponding degrees of freedom and construct an effective low energy
field theory. For that purpose, one has to identify the heavy quark fields and in-
tegrate them out in the generating function. This theory simplifies the practical
calculations at low energy scale of Agcp in field theory. The basic idea behind the
effective field theory is to describe dynamics of hadrons in terms of a fully consistent
theory but in limited nature.

Bag models, heavy quark effective theory, heavy hadron chiral perturbation, chiral

perturbation theory and many more are the examples of effective theories.

(a)Bag Models

Bag models are the effective models used to study the nucleons. Chiral bag model
is a hybrid model of the MIT bag model and the skyrme model. These models were
developed to explain the hadron spectrum and different properties of the particles

[83]. The phenomenological assumptions of these models are based on the fact that
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the quark and gluons are regarded as massless particles moving freely inside the bag
of radius R. The quarks are massless inside the bag but infinitely heavy outside.
Wavefunctions of these relativistic free quarks are generated to calculate hadron
spectrum and other properties. The radius R is determined from the fact that the
pressure on the bag walls from the outside is being balanced by the pressure resulting
from the kinetic energy of the quarks inside the bag. This is done by fitting the

model parameters with the experimental data like masses, magnetic moments etc.

(b)Heavy Quark Effective theory (HQET)

HQET is applicable for studying the QCD properties of heavy hadrons containing a
single heavy quark Q and light degrees of freedom (DOF). It describes the interaction
between the heavy and light quarks, where momentum transfer p between them is
very small as compared to the mass of heavy quark mg. An effective lagrangian
is formulated in the terms of inverse powers of heavy quark mass mg. Effective
lagrangian of the hadronic system is formulated such that it becomes independent
of the mass of the heavy quark when m¢g — oo limit is applied [20,75,84]. HQET
is typically applied to the hadrons containing a heavy quark c or b. Size of the
hadrons containing a heavy quark is given by Rj.,q ~1 fm, and the momentum
exchanged between the heavy and light constituents of hadron is of the order of
Agcep. Effectiveness of this theory comes from the fact that the compton wavelength

of the heavy quark is much smaller than the size of the hadron i.e.

mq > Aqep (1.7)

= Ao < Rpada (1.8)

Thus the light constituent which can only resolve distances much larger than the
Ao becomes blind to the nature of the heavy quark in the hadron. Light constituent
only experiences the color field of the heavy quark irrespective of the flavor, mass

and spin of heavy quark. Heavy hadron system holds certain symmetries which are
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known as heavy quark spin and flavor symmetry. This symmetry is embodied in
a low energy effective theory which is known as heavy quark effective field theory.
This will allow us to derive Feynman rules for the heavy quarks and construct an
effective lagrangian for strong interaction of the heavy hadrons.

In this thesis, we will be using heavy quark effective theory to study the various
properties of the heavy-light D and B mesons. This theory is studied in detail in
Chapter 2. In our current work, we restrict to charm and bottom mesons only, as
top quark being very heavier than this scale has not predicted separately yet and

exhibit weak decays.

(c)Heavy Hadron Chiral Perturbation Theory

Heavy hadron chiral perturbation theory (HHYxPT) is a framework in which chiral
and heavy quark spin symmetries are incorporated together. The mass of the light
quarks u, d and s is very small as compared to the hadronic energy scale Agep,
thus they posses a SU(3), x SU(3)gr flavor chiral symmetry. This symmetry is
spontaneously broken which is reflected in the presence of eight Goldstone bosons
ﬂi,WO,Ki,KO,KO and 7).

The mass of the heavy quarks c and b is very large as compared to Agep ~ 200
MeV [20], as a result the dynamics of a heavy quark in QCD becomes independent
of mass and spin of heavy quark. A new flavor and spin symmetry appears for
the hadrons containing single heavy quark. The heavy quark spin-flavor symmetry
along with the chiral symmetry of light quarks are coupled together in this framework
[85-87]. Using these symmetries, an effective lagrangian is constructed which helps

in redeeming the properties of the hadrons.
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1.6 Symmetries

Symmetries play significant role in quantum field theory, as they are essential tools
to probe strongly interacting systems, and to examine their dynamics. For a given
physical phenomenon, symmetries introduce constraints in the interactions and sim-
plify the Lagrangian of the theory. Transformations which do not change the physics
of a system are called symmetry transformations. There are mainly two types of
symmetry transformations [88] i.e. local and global transformations. In local trans-
formation, parameters are spacetime dependent, whereas in global they are space-
time independent. In general, local symmetries are followed by gauge theories, while
global symmetries result in the origin of massless particles. QCD is a gauge the-
ory having SU(N,) local symmetry group of color degrees of freedom. The QCD
Lagrangian is invariant under the local gauge symmetry SU(3) in which all quark
flavors experience the same strong force. The only term that distinguishes between
quark flavors is the mass term. One can express this term of the Lagrangian in the

following way:
ggCD = q(iVHDM - mq)q + @(i’VMDu - mQ)Q (1'9>

where first term represents the light quarks q (u, d and s) whose mass m, < Agcp
and the second term reflects the heavy quarks Q (¢ and b) with mg > Agep.
This lagrangian helps us to investigate some symmetries that arise due to some
limits in the quark masses. At low energy, the QCD Lagrangian shows some global
symmetries like chiral symmetry, heavy quark symmetry and isospin symmetry.

Chiral symmetry is the invariance of the massless Dirac fields under chiral rotations,
i.e. left handed and right handed parts of the Dirac fields transform independently.
Using the projection operators P, = £(1—15) and Pr = $(1+7s), the Dirac spinors

for quark (anti-quark) q (g) can be decomposed into its chiral left handed component
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qr and right handed component gr [88-90] as: ¢ = in (@ = < ar 1 ))
qr

These left and right handed quark components modify the QCD lagrangian as

ZLocp = iq, Dar, + iﬁRlqu —qdrMmqr — 4 MgR (1.10)

In the low energy limit, when light quark masses m, < Agcp approaches to zero,

this lagrangian becomes

Locp = G Par + iqrPar (1.11)

The terms in the Eq.(1.11) are now independent of each other, leading to the sym-
metrical group of this lagrangian. This symmetry is known as chiral symmetry that
dominates at very low energy scale as compared to Agep.

The heavy quark symmetry in heavy hadron arises because the heavy quark mg is

massive in comparison to the QCD energy scale Agcp. So it is always a good ap-

proximation to take limit mLQ — 0, (7= = 0.00078 MeV ™, - = 0.00023 MeV™!). In

1 =

m, my
this limit, the higher order lagrangian terms which contain mLQ factor vanish, thus
making it heavy quark flavor independent. As a result, the light quarks within a
meson will experience same potential for both ¢ and b quarks, making it blind to
the flavor of heavy quark.
Since the mass of the heavy quark is finite, so this heavy quark symmetry is just an
approximate symmetry and requires corrections. This symmetry is complementary
to the chiral symmetry, which results in the opposite limit of massless quarks.
There is one more commonly used symmetry in the strong interactions known as
Isospin symmetry. This symmetry results when two light quarks up and down have

+

same mass, m, = my = m,. Nearly degenerate states for pions (7%, 7") and nucle-

ons (p, n) are the consequence of the isospin symmetry. This symmetry is broken
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in the presence of electromagnetic interactions.

1.7 Chiral Symmetry Breaking

Chiral symmetry is observed in the low energy limit, when mass of the quarks
approaches to zero. But in reality, quarks have mass, therefore chiral symmetry can
not be seen as an exact symmetry of the QCD lagrangian. When m, # 0, there is
explicit breaking of chiral symmetry with mass as a measure of the breaking of the
symmetry [88].

Beside this, there is also a dynamical breaking of the chiral symmetry due to QCD
vacuum. The QCD vacuum is a dynamical state which includes the creation of
quark-antiquark pairs. Energy required to create such a pair is very small if quarks
are massless. Since quarks are strongly interacted to each other, one expects a
condensate of ¢g pairs. The differences in the masses of the hadrons, either meson
or baryon can be explained by the spontaneously breaking of chiral symmetry due to
QCD vacuum. e.g. m and p mesons have similar quark content but different masses.
Quarks get a very large effective mass because of the dynamically chiral symmetry
breaking.

This mechanism of spontaneous breaking of chiral symmetry due to the non zero
value of ¢g is known as Nambu-Goldstone model [22,91]. According to this theorem,
when a continuous symmetry is spontaneously broken by vacuum, massless particles
known as Goldstone bosons are generated. Number of Goldstone bosons generated

are equivalent to the number of broken generators. There are NJ% — 1 number of

generated Goldstone bosons, so Ny = 2, we have three spin zero massless bosons.
And for Ny = 3, there are eight pseudo-scalar bosons in QCD. Pions are identified
as the Goldstone bosons for the first case and octet of light pseudo-scalar mesons

for the second case.
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1.8 Experimental Motivation

The aim of the experimental and theoretical particle physics is to know about the
fundamental building block of matter by searching the new subatomic particles
and to precisely measure the properties of the known particles and interactions.
Experiments are done at large accelerator sites having several types of detectors.
Each detector is specialized in detecting specific types of particles or characterizing
their motion [1,4,9,17,25-29,32,33]. It is observed that overall interest in high
energy physics had increased recently mainly due to the large media exposure of the
modern experiments and their discoveries including Higgs boson [9,10], Pentaquarks
[94,95], neutrino oscillations [96-98] and many more [92,93,99,100]. In 2015, Arthur
McDonald and Takaaki Kajita were awarded the Nobel Prize for their discovery of
neutrino oscillations, which make the neutrinos massive in nature, contradicting the
massless neutrinos of the Standard Model. Thus, physics beyond standard model
can be studied by working on these new achievements.

We can also explore the current array of particles in more depth to get a trace for
what lies beyond the Standard Model. These traces will give a better preceptive of
how the universe works, answering various questions like what is dark matter made
of, why is the Higgs mass so light, what happened to the antimatter in the early
universe, are all the forces unified into one force at high energy etc.

Due to the upcoming information about the new particles coming from the LHC,
CLEO, BaBar, Belle, BESII/III, CMS etc. [9,10,25,28,68], hadrons are the current
and interesting topic of research. Despite many mysteries, these experiments have
provided a useful data which helped to explore the hadronic structure.

The emerging data from the experiments has also motivated the theoreticians [36,
42,44,47,75,76,80] to update the existing theoretical models to generate new models

so that the newly observed particles can be explained theoretically.
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1.9 Organization of Thesis
The thesis is organized as follows:

Chapter 2 gives the general introduction of the heavy quark spin and flavor sym-
metry in heavy-light mesons which led to the development of Heavy Quark Effective
Theory. A general lagrangian is formulated in the limit mg — oo and my, — 0,
which results in the spin and flavor symmetry. Chiral perturbation theory is applied
to study the leading order effective lagrangian, describing the interaction of light
pseudo-scalar mesons (7, 7, K') with the heavy-light meson fields. Various properties
like two body strong decays, masses, hyperfine splittings and associated couplings

are discussed for these heavy-light mesons.

In Chapter 3, a detail analysis is carried out for all the experimentally available
non-strange and strange charm states D%(2460), D;(2560), D*%(2680), D ;(2740),
D*%(2760), D;(3000), D%(3000), D;(3000), Ds;(3040), D% (2710), Dz (2860) and
D7,(2860) for their properties, whose J’s are yet to be confirmed. We com-
pute the two body strong decays of these excited charm states decaying to ground
state along with the emission of pseudo-scalar mesons to establish their positions
in the charm spectra. This analysis helps in identifying the non-strange states
D%(2460), D,(2560), D*%(2680), D;(2740), D%(2760), D;(3000) and D*(3000) to

be 1P%2+, 23%0*, 25%1*, 1D32*, 1Dg3*, 2P%1Jr and QP%O+ as their J"’s. Our

study for the non-strange charm mesons mainly focus on the prediction of J¥ for

the newly observed charm state D3(3000) seen by LHCb in 2016. Branching ratio

__T(D3(3000)—D*r)
BR= F(D2; (3000)— D)

is analyzed, for choosing 1F}s (27) as the best possible assign-

ment for this state. Similar analyses have been done for the strange charm states.

The most suitable spin-parity assignment for Dy;(3040) is 2P%1+. And the states
Dzx,(2710), D% (2860), D%,(2860) are assigned as 25117, 1D317 and 1D33" respec-

tively. The present work estimates strong coupling constants gry, 9um, 9vyH, 9XH,
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gsg and gzpy from all these recently observed charm states. In addition to this,
hyperfine splittings are used to calculate the masses for their missing spin partners

25%07, QP%OJr and 1D%27.

In Chapter 4, we analyze the recent experimentally available bottom states
By (5721), B3(5747), B15(5830), B;,(5840), B;(5960) and B;(5840) for their HQET
properties. The study of the masses and strong decays for these observed bot-
tom states help in assigning their positions in the bottom spectra. The most suit-
able spin-parity for bottom state B;(5960) is 25(17). And the states By(5721),
B3(5747), B15(5830), B;,(5840) belongs to higher excited states of n=1 P-wave
doublet (17,2%). Our main interest in this chapter, is the spin-parity assignment

of bottom state B;(5840), recently observed by LHCb in 2015. By analyzing the

(B (5840)— Br)

W with bottom masses Of all

strong decay widths, the branching ratio

the possible J’s for B;(5840), it is concluded that the most suitable J is 1D1™.
We also compute the coupling constants gry, ggg and gxpy associated with the
strong decays of bottom states through the emission of (m,7n, K). We further aim
to predict the decay width of few other unknown bottom states B(2'Sy), B,(235)),
B, (21Sy), B(1'Dy), B,(13D;) and B(1'Dy) which are the spin and strange partners
of bottom states B;(5960) and B;(5840). The suitable suppression factor for isospin
violating decays like excited stranged bottom state decaying to lower stranged bot-
tom state along with pion have also been accounted. The results for various decays

with their associated couplings are tabulated in this chapter.

In Chapter 5, masses and strong decays of radially excited non-strange and strange
bottom state doublets B(2S), B(2P) along with n=1 orbitally excited doublets
B(1D)5, and B(1F')5/, are studied in detail. Masses for these bottom states are

calculated using the heavy quark flavor symmetry for charm and bottom mesons

implying Ag’) = Agﬁ) and )\g’) = )\;f). Here Ap is the spin averaged mass splittings
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between the excited states and S-wave ground state and A\r is the mass splittings
between the spin partners of the same doublets. The effect of QCD and 1/mg
corrections to the next to leading order lagrangian are also examined for both Ag

and Ap parameters. These corrections modify the heavy quark flavor parameters

as Ag?) = A;f) + 0AFr and )\g’) = )\;5)(5)\ r. It is observed that these corrections are
less sensitive for n=2 masses as compared to n=1 masses. The various masses and

their strong decays can be used to check the validity of the HQET framework.

Finally Chapter 6, concludes the work done in this thesis and summaries the

results with possible extension for future reserach.
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Chapter 2

Heavy Quark Effective Theory

2.1 Introduction

Recent experimental progress in meson spectra is challenging the naive quark model.
The main challenge comes from the mesons containing heavy quark i.e. heavy-light
QG mesons and heavy heavy QQ mesons. The properties of nearly all the light-
light g mesons have been successfully confirmed both experimentally and theoreti-
cally. At present heavy quark physics has become one of the rapidly growing areas
of high energy physics. Recent experiments like LHCb, Belle, BESII/III, BaBar,
CDF [1-4, 56, 57] etc. are producing a lot of information about heavy hadrons.
Therefore, a much better theoretical approaches are required to understand the
properties of heavy hadrons. The presence of the heavy quark degrees of free-
dom (DOF) in heavy mesons helps in understanding how the strong interactions
binds the quarks within mesons, and thus helps in studying their QCD properties.
This heavy quark DOF can be used to study the heavy hadrons by constructing
effective field theories at both the quark level and hadron level. The well known
effective theories are Heavy quark Effective Theory (HQET), Non-Relativistic QCD
(NRQCD) and many more. These effective theories are always related to some
scales which constrain their application region. In the effective theories, lagrangian

is constructed using QCD symmetries and interaction terms are incorporated by

44



SECTION 2.1: INTRODUCTION

some expansion parameters. In the heavy-heavy sector, only few of the states like
B.(6274),n.(15), J/U(15), xc0(1P) have been experimentally observed, so their in-

formation is rather limited.

So we are inspired in studying the heavy-light charm (D) and bottom (B) mesons
only. Study of heavy-light mesons has provided a better understanding of non-
perturbative quantum chromodynamics. For this, we use two symmetries of the
QCD, one in the infinite heavy quark (Q = ¢, d) mass limit (mg — oo) and the
other in the chiral limit of light quark (q = u, d, s) (m, — 0), together to construct
an effective theory commonly known as Heavy quark Effective Theory (HQET). In
this chapter, we will discuss HQET as a quantum field theory to extract the prop-
erties of heavy-light D and B mesons. HQET is an effective theory formulated to
obtain the QCD results for hadrons containing single heavy quark c or b strongly
interacting by the exchange of gluons with the light DOF.

Heavy light meson (Jg contains a heavy quark QQ and antiquark g, gluons, quark
anti-quark pair. All the degrees of freedom other than heavy quark are referred
as light degrees of freedom [ or as brown muck. As discussed in chapter 1, QCD
generates a non-perturbative scale Agop =~ 200 MeV [22]. Size of the heavy-light
meson Qg with mq > Agep and my < Agep is of the order of Agep, ~ 1 fm.

The heavy quark Q inside a hadronic bound state (Jq interacts with the light con-
stituents with the exchange of momentum much smaller than its mass mg [5-7].

The momentum of the heavy quark is given as
po =mgu+ K (2.1)

where v is the velocity of the heavy quark and K is a small residual momentum
which depicts the amount of the off shell of heavy quark due to its interaction with
light degree of freedom. In the heavy-light systems, K is usually of the order of
Agep, which is also the momentum of the light degrees of freedom. So the momen-

tum exchange between the heavy and light constituent during strong interaction
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SECTION 2.1: INTRODUCTION

is approximately Agcp. As a result, the change in velocity of the heavy quark

Av= m%g is very small, implying a very crucial result that the velocity of the heavy

quark does not change with time during the strong interactions.

Therefore, heavy quark moves with the hadron’s velocity v. The QCD interactions
does not affect the heavy quark’s velocity at all. Any change in the trajectory of
the heavy quark velocity is a result of external non QCD effects like weak and elec-
tromagnetic interactions.

The physical picture of heavy-light mesons can be interpreted as that of hydrogen
atom, where in a first approximation, proton acts as a static source of EM fields.
It only absorbs or emits photons, while other recoil effects are neglected. In heavy-
light mesons, the heavy quark Q plays the part of proton and the light degrees of
freedom (LDOF) acts as the electron cloud. The heavy quark is assumed to be
static external source as compared to the light constituent, and it only transfers as
a color triplet. The dynamics of the LDOF is still provided by its non-perturbative
interactions among the constituents, but its interaction with the heavy quark Q has
been oversimplified.

Therefore in this limit, heavy quark behaves as static, so the LDOF can not observe
the mass of the heavy quark. This results in U(Ny) (Vg is heavy flavors) heavy
quark flavor symmetry (HQFS), describing that the dynamics of the heavy-light
mesons is unchanged under the exchange of heavy quark flavour b <— c. Also, in
this limit, since the heavy quark interacts strongly only through the color exchange
with gluons, thus making it independent of the orientation of the spin of the heavy
quark T @ <—] @Q,Q € ¢, b. This results in another SU(2) symmetry known as
heavy quark spin symmetry (HQSS).

This SU(2) spin symmetry and U(N,,) heavy quark flavor symmetry are embedded
into a larger SU(2N},) spin-flavor symmetry [8-10]. Under this symmetry, 2N}, states
of Nj, heavy quarks with spin up and down transfer as the fundamental represen-

tation. Heavy-quark spin and flavor symmetry between charm and bottom mesons
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MESONS
flavor
B b .T symmetry . .T D
spin spin

symmetry symmetry
* *

B b .l flavor LS 'J' D

symmetry

Figure 2.1: Heavy-quark spin and flavor symmetry between charm and bottom
mesons.

are diagrammatically shown in Figure 2.1.

However, these symmetries faces 1/mg corrections due to the finite mass effects
of the ¢ and b quarks. In the next sections, we will construct a general lagrangian
for HQET, and will study how the higher order expansion of HQET lagrangian in
terms of inverse of heavy quark mass 1/mg results in breaking of this SU(2Np)

symmetry of the heavy quark.

2.2 Quantum Numbers for Heavy-Light Mesons

Before studying the lagrangian for (Jg systems, it is obligatory to know about the
spectroscopy for the (g mesons. There are various quantum numbers required to
specify a heavy-light meson. The Qg state is notated as nLg,J”, where n is the

radial quantum number and P is the parity of the state. In the mg — oo limit, spin
of the heavy quark ?Q is conserved as ?Q = %, so the total angular momentum of

the light degrees of freedom ? | is written as

$=9,+1 (2.2)
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%
with spin S; = 1 and T being its orbital angular momentum [11,12]. The conserved

operator 7, total angular momentum of the heavy-light system is therefore given

as

T =5,+75, (2.3)

The quantum numbers j, sg and s; gives eigenvalues for the operators JZ,S%Q,S%

as J? = j(j 4+ 1), sy = sqg(sq + 1) and s} = s,(s, + 1) in the Q7 state. Eq.(2.3)
shows that, heavy light meson comes in doublets with states having total angular
momentum j; = $; £ 1/2. The ground state S-wave doublet for L = 0, has heavy
quark spin ?Q = % and light degrees of freedom momentum ?l = %; (from Eq.(2.2),
Si=1/2+0=1).

Therefore J¥ of the ground state is obtained as % ® % =0"®17, with P = (=1)!
being the parity of the system. If the heavy quark Q is charm quark, the ground
state doublet is represented as D and D*. Similarly if QQ is bottom quark, the
states are represented as B and B*. Mesons with light quark q = u and d form
isodoublets, which are combined with isosinglets of q = s, to form SU(3) triplets.

The field operators which annihilate these ground state heavy quark mesons are

represented by P(@ for spin 0 pseudoscalar and P;(Q) for spin 1 vector mesons.
Similarly for the low-lying excited P-wave mesons (L = 1), total angular mo-

mentum of the light degrees of freedom is given as

N N[

For the S; = % doublet, the degenerate states are (0*,17), and for S; = %, the

degenerate states are (1*,2%) These states are represented as (P, P) and (P, Py)

for S; = % and % respectively. In the HQ symmetry, 17 states of S; = % and S; = %
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doublets normally mix with an angle 35.3° [13], they can still be distinguished due
to their different angular momentum of the light degrees of freedom and by their
decay angular distributions. The experimentally available ground state and low
lying excited charm and bottom states are listed in Table 2.1. Sometimes the word

natural parity is used for the states having parity P = (—1)7 such as for J’s

= 07,17,2%, etc. and the word unnatural parity for states having P = (—1)/*!

such as J’s = 07,17, 27, etc.
Table 2.1: Experimentally available S and low lying P wave charm and bottom

meson states [14]. N: represents the notation for a particular state. All the masses
are in MeV. States marked as ”7-” are yet to be experimentally confirmed.

Charm Mesons Bottom Mesons
State — —
cu cd cs bu bd bs
JP =0 N: DY D* DjF B* BO BS0
2 | Mass: | 1864.83 | 1869.65 | 1968.34 | 5279.32 | 5279.63 | 5366.89
JP _ 1; NZ D*O D*i D:i B*i B*O B:O
2 | Mass: | 2006.85 | 2010.26 | 2112.20 | 5324.65 - 5415.40
oo | No| DR | DF | DE | oBE | B | B
> | Mass: | 2318 - 2317.70 § - -
| N | oo [ oE | o | s | s | B
2 | Mass: | 2420.80 - 2459.50 | 5725.90 | 5726.00 -

2.3 Representation of fields

In previous section, we have seen that each S; value gives two degenerate states in
the form of doublets. It is convenient to treat the degenerate states as a single quan-
tity in terms of the fields that transform linearly under the heavy quark symmetries.
So, in this section, we will express each doublet for L = 0,1,2,3 in terms of their

effective fields.

49



SECTION 2.3: REPRESENTATION OF FIELDS

The ground state S-wave doublet (0, 17) contains a pseudoscalar meson (0~) rep-

resented by P and a vector meson (17) represented by P;. Both these mesons can

be framed in a single field 7 H” as a linear combination of both the vector field P;
and pseudoscalar field P [8,11,15]. This combination is obtained as

H= —'Pr+iP 2.4

LI P + Py (2.4)

where mp is the mass of the heavy-light meson. In the static limit of heavy quark

mp — 00, the term m;“TmPP changes to projection operator # So the field H is now

represented by

1
H= # WP + Py (2.5)

This field H annihilates the doublet with S; = 1/2 and needs to transform as a

bispinor under the lorentz transformation

H'(x’) = D(A)H(z)D(A)™, = Az (2.6)
where D(A) is the 4 x 4 lorentz transformation matrix for spinors, so that

H(z) — H'(x) = D(A)H(A*z)D(A)™* (2.7)

The projection term # gives the particle component of the heavy quark Q and

the relative phase between the P and P} states is arbitrary [24,25,31,32]. The field

represented in Eq.(2.5) is consistent under lorentz transformation as v° converts the
pseudoscalar field P and v* converts the vector field P; into bispinors.
Using the relations p(1 + p) = (1 + ) and v.P* = 0, this field also satisfies the

relations
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SECTION 2.3: REPRESENTATION OF FIELDS

PH=H and Hp=—-H

The conjugate field for H represented by H is introduced as

. . 1+
H=~"H"~" = [PMT’y“ -+ zPTy‘r’]Tﬁ (2.8)

Because of 7°D(A)f7°? = D(A)™!, conjugate field H also transforms as a bispinor

H(x) = D(A)H((A)'2)D(A) ™ (2.9)

and satisfies the relations

ﬁ/} =H and PH=—-H

Similarly, the P-wave doublets (0%,1%);/, and (17,2%)3/, are represented by ”S5”

and 7 T fields [32,33] as

149, .
5= X2 Py B (2.10)

1+ * UV 3 v i M_U'u
T" = 5 ;[){P2H T — P1u\/;75[gu - %]} (2.11)

satisfying
S =Sp=S, JT*=-Tri=T $S=Sp=5 —yT" =T'p=T"

Field S is a linear combination of scalar F; and axial vector state P{“ , whereas T'
field contains a combination of axial vector P;, and tensor P,*" states.

Heavy-light meson doublets for excited D-wave (I = 2) states are represented by
(Py, P») and (P, P;) belonging to J2 = (17,27)

and (27,37)s respectively. And

N

5
2
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SECTION 2.4: EFFECTIVE FEYNMAN RULES IN My — oo LIMIT

the doublets of F-wave (I = 3) are represented by (Py, P3) and (P}, P}) for JL =

(2%,37)s and (3*,4*)% respectively. Similar to the Egs.(2.5), 2.10, 2.11, these

Njot

doublets are described by the effective super-field X,,Y,, Z, and R, [41,47] as

1+ T T W Gl e'a
X = D pp < R[S - Oy iy

v 1+ *UVO el 5 v gl/,ya(,ylt_v,u) 957 ,yl/_,Ul/
ver = Lol e, pi [2 gy - S0 0E ) g )y

P vo waB [P 4, G5Ya(Y*HVH) gryg (v + Y
Z = T¢{P3‘2 V5 Yo _PQaB\/;[ngﬁ ~ 28 = _ gl : )]}(2-14)

i 7 0870y — o
rpee = L5 s, pioon [T - B80T 20y

ghglys(y —v¥)  ghggr-(y — vP)
7 - 7 I}

The mentioned indices a or b in the subsequent fields are SU(3) flavor index (u, d

or s). For the radially excited states with radial quantum number n=2, the mesonic

state is replaced by a tilde ”~" sign on their head i.e. ﬁ, P* and so on. And the

equation of effective fields for radially excited doublets remains same, but instead
are replaced by fNI, g, T, X ete.
2.4 Effective Feynman Rules in mg — oo limit

The heavy quark symmetry can be embodied in the QCD to draw the Feynman

diagrams with effective Feynman rules for heavy quark. The momentum of the
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heavy-light meson ()g having mass Mg and velocity v, is p, = Mgu,. As discussed
before, mass and momentum of the heavy quark is nearly same as that of the bound
state Q7 as in Eq.(2.1) [5,16]. The four velocity of the heavy quark
p* K
= —=0""+— (2.16)

mq mq

will also be same as that of the meson. So, the heavy quark is nearly on-shell and
carries almost all of the bound state’s momentum. QCD interactions does not alter

the heavy quark velocity. This on shell condition simplifies the usual QCD fermion

propagator s by

i _Uptme) i(mep+ktmg) i 1+p (2.17)

p—mq PP-mj Imouk+ K vk 2 '
The heavy quark propagator has a velocity dependent projection operator P, = #
The projection operator for the antiquark particle is defined as P_ = l%ﬁ From these

positive and negative energy projection operators P, and P_, we obtain identities

as
P:tP;F:O, Pi:P:t and

P+7UP+ — P+UMP+.

The last identity describes that the coupling of the heavy quark to gluons can also

be simplified. At the leading order in mLQ, the quark gluon vertex of QCD igT,+*

can be replaced as

igT A" = igT, " (2.18)
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1. S »_j

a.a

Figure 2.2: Modified Feynman rules for the heavy quark effective theory.

where g is the QCD strong coupling constant and 7, are the SU(3) color generators.
These effective Feynman rules [17-19] for the heavy quark propagator and heavy
quark gluon vertex are shown in Figure 2.2.

The heavy quark propagator in the above figure is represented by a double line to
differentiate it from the QCD propagator.

The new Feynman rules are independent of the heavy quark mass term, explicitly
depicting the heavy quark flavor symmetry. Also, as there is no gamma matrix in

these modified rules, so the heavy quark spin symmetry is also apparent. In the

heavy quark rest frame v = (1,0,0,0), this projection operator becomes #, which

projects the quark component of four vector Dirac spinor. In this static frame, the
phenomenon becomes non-relativistic, and hence the propagator and charge density

can be approximated as [19],

N S (2.19)

—ig'T, = —igd"'T,. (2.20)

These modified feymann rules will be used in the next section to derive the general

lagrangian for the heavy quark effective theory.
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SECTION 2.5: GENERAL LAGRANGIAN OF HQET

2.5 General Lagrangian of HQET

Heavy quark symmetries can also be applied to the lagrangian level, by constructing
an effective lagrangian in the inverse powers of mg. In the limit mg — oo, on
shell condition of the heavy quark enables us to write the heavy quark field Q
with four velocity ¢ in terms of the large h¥ and small HY velocity dependent

components [5,18,19] as

Q = e mevr(p@ 4 HY) (2.21)

with
() = eémar 2L o) (2:22)
H,(2) = et Lo (2.23)

where the quark and antiquark components are denoted by h, (z) and H,(x) respec-
tively. The exponential factor exp(imguv.z) ensures that the derivative applied to
h,(x) produces momentum only of the order of k. Using the above definitions and

the relation v.v = 1, we find the following relations:

phe = hY (2.24)
pHES = —H¢ (2.25)

In the heavy quark rest frame i.e. v* = (1,0,0,0), h9 gives the upper two components
of the heavy quark field Q while HY gives the lower ones. h9 annihilates a heavy

quark with velocity v whereas HY creates a heavy anti-quark with velocity v. A
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L O

Figure 2.3: Virtual fluctuations involving pair creation of heavy quark.

general effective lagrangian in higher order of mLQ is constructed for HQET by taking

both the quark and anti-quark components [5,20,34]. In terms of both the quark

and anti-quark components, QCD lagrangian for the heavy quark takes the form
Zocp = hyilDh, + H, (i) — 2mq)H, + h,(il) — 2mq)H, + H,iPh,  (2.26)

Using the effective feymann rules and the relations of Eqgs.(2.24),2.25), the first term

for the above lagrangian changes as:

! u 2y iy D) (B = F(ie.D) (D) h = R (2.27)

h
( 2 2

and the Z.;; becomes

ZL.is = hyiv.Dh, — H,(iv.D + 2mg)H, + h,ilD | H, + H,ilp  h, (2.28)

where D! = D" —v*v.D is orthogonal to the heavy quark velocity i.e. v.D; = 0. In

the static limit of heavy quark, D/ = (0, B) contains only the spatial components
of the covariant derivative. In this lagrangian, h, describes the massless degree of
freedom and H, field corresponds to an excitation with twice the heavy quark mass
2mg, which is the energy required to create a heavy quark-antiquark pair. These
fluctuations involving pair creation of heavy quark are described in Figure 2.3

Mass dependency of the heavy degree of freedom H, are separated out for con-

structing an effective theory [21,22]. On the classical level, H, is eliminated using
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the equation of motion for H, as

0L
— = —(iv.D +2mg)H + (i) . )h =0 (2.29)
oH
which depicts that, the small component field H, is indeed of the order of mLQ, given
as
- D h (2.30)
v = - 1 v .
2mqg + iv.D +

Therefore, the non local effective lagrangian in terms of the large component field

h, is

_ _ 1
Lot = hyiv.Dh, + hyil) | —————il) | h, 2.31
it v * ZIDL 2mg + w.DleL ( )

The second term in this equation describes the virtual fluctuations shown in Figure

2.3. Derivative expansion in powers of % simplifies the above lagrangian as
Q

— 1 = iv.D
Lers = hyiv.Dhy + —— hyi — ") | h, 2.32
11 = haiv-Dho+ 507 mZ:% i ( 2mQ) i, (2.32)
Further using the standard ~ matrix relations
2 1 1 aY% 2 1 7 v
DD, = Dy + 5['7u77u]DJ_DL =D + Zh’“%] (DY, D] (2.33)
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SECTION 2.5: GENERAL LAGRANGIAN OF HQET

along with the identities [D, DY ] = igG", [y,, ] = —i0,, and ho,v*h = 0, the

general HQET lagrangian to the order of mLQ is obtained as

— 1 - 9 7 1
— D — h,(iD)? 7 wy — 2.34
ofeff hUZU hv—l- 2mQhU<Z J_) hv"’ 4mQ hva,uuG hv‘l' O(mQQ) ( 3 )

Or in general it is expressed as:

1 1

Retaining only the quark component h?, effective lagrangian at the leading order

in limit mg — 0 is
Loy = hyiv.Dhy, = hy, (iv"8,, + gT,0" A3 )h, (2.36)

where D, = 0, —igT,v" A, is the gauge covariant derivative [20-22]. This lagrangian
is independent of the heavy quark mass, manifesting the heavy quark flavor symme-
try. Also, the Dirac gamma matrices of the QCD Lagrangian are being replaced by
the velocity v of the heavy quark, making this lagrangian invariant under the SU(2)
spin symmetry group.

Therefore, the first term in Eq.(2.34) gives leading order lagrangian which preserves
both flavor and spin symmetry of the heavy quark. The second term of this equation
gives the heavy quark kinetic energy term which arises from the off shell residual
momentum of heavy quark in the non relativistic model. This term breaks the fla-
vor symmetry of the HQET but preserves the spin symmetry. The second higher
order term in this lagrangian go,, G* gives the chromo-magnetic moment coupling
of the heavy quark spin to the gluon field, which breaks both the spin and flavor

symmetry [44-46].
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2.6 Chiral Perturbation Theory

In the limit of light quark masses approaching to zero m,,mg, ms; — 0, QCD la-
grangian for these light quarks possess the SU(3), ® SU(3)r @ U(1)y chiral symme-
try. In reality, due to the finite masses of u,d and s quarks, this chiral symmetry is
an approximate symmetry that is spontaneously broken down to SU(3)y subgroup.
This results in the origin of eight Nambu-Goldstone bosons, which acquires the mass
due to explicit breaking of this symmetry [24,25]. These bosons are identified as the
light pseudo-scalar meson octet with J¥ = 0~ consisting of non-strange mesons as
pions and eta (m,7) and strange mesons as kaons (K).

At low momentum, the interactions among these pseudo Goldstone bosons are de-
scribed by the well known chiral perturbation theory [28,34-36]. This theory de-

scribes these Goldstone bosons in a 3 x 3 unitary matrix 3 € SU(3), defined as

0;
5 — exp[ 2 (2.37)
f
where M is a 3 x 3 hermitian traceless matrix
\/%ﬂo + \/Lgn nt K+
M = _— \%Wo i \/Lén (2.38)

— KO
—0
K- K —\/2n

and f is the pion decay constant, which has value f = 130 MeV in the chiral limit.
Under chiral symmetry SU(3), ® SU(3)r, the octet field transforms as

Y — LYRT

with L and R representing the global elements of SU(3), and SU(3)x.
The interactions of the 7, n, K with heavy-light meson fields is described as &, defined
as X = £2. This ¢ field under the chiral limit SU(3);, ® SU(3)g transforms as

29



SECTION 2.6: CHIRAL PERTURBATION THEORY

¢ — LEUT = USR?

with U being the special unitary matrix depending on L, R and the mesonic field

M.
Matter fields for heavy-light mesons ()¢ may be included into the chiral theory

[30,37-40]. At the leading order, the effective lagrangian describing the interactions
of light pseudo-scalar mesons with the ground state heavy-light meson field ” H”

(eq:2.5) is given by

LY = i TrH ,v.0H, + i TrH o Hy(v. VYoo — g TrH o Hyyxvs (A ) o, (2.39)
where
Vi = S(Ea +£la.e) (2.40)
and
Ar = (e — 10,0 241)

The indices a, b are flavor indices which depicts the light flavor quarks. This la-
grangian is the most general lagrangian which is invariant under chiral symmetry
SU3), @ SU(3)g. In heavy-light meson field H,, factors of ,/m, and ,/m,~ have

been absorbed in P, and P, fields to make lagrangian independent of a heavy quark

mass. As a result heavy meson fields have a dimension of 3/2 [40]. This lagrangian
gets modified when chiral symmetry is explicitly broken. The results due to this

symmetry breaking are discussed in chapter 5 of the thesis.

60
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Figure 2.4: Two body interactions between ground-ground and lower excited-ground
fields.

2.7 Leading Order Chiral lagrangian

We have seen, heavy-light meson doublets interacts with other doublet states
through the exchange of light pseudo-scalar mesons (7,7, K'). This interaction be-
tween doublets is represented in terms of their lagrangians [27]. The interaction can
be within the ground states, excited states or between excited and ground states as

shown in Figure 2.4, e.g. the states P and P, of low lying excited P-wave doublet

(0%,1%) can interact among themselves P, — P; + pys, where py is the suitable
light pseudo-scalar meson. These states can also interact with the ground state
S-wave (07,17) doublet states P and P*. In this thesis, our goal is to study the
strong interactions of the higher excited states with the ground state H field through
the emission of light pseudo-scalar mesons to extract properties like masses, decay

widths, branching ratios, strong coupling constants etc.

At the leading order approximation, the heavy meson chiral lagrangians Ly, Lsy,
Ly, Lxyg, Lyyg, Lzg for the two-body strong interactions through light pseu-

doscalar mesons (m, K, ) are written as :

Ly = gHHTT{ﬁanM%Aéfa} (2.42)
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Lsy = gsuTr{H.Syu AL} + h.c. (2.43)

Loy = P H THGD, A+ iDA h 9.44
Ho= Ty r{H, b(l wf+ u)ba75}+ .C. (2.44)
Ly = X7 XPGD,A+iDA h 9.45
XH — A 7“{ a b(l uf+1 u)ba75}+ .C. ( )

1 TT v
Lyy = FTr{HaYb“ (kY {D,, D,}Ax + ky (D,D\A, + D, DyA,)]a (2.46)

Y5} + h.c.

1 —
Lzg = FTr{HaZ{;“’[lgIZ{D,“DV}AA + ki (D, DxA, + D,DyA,)|pa (2.47)

Y5} + hec.

1 TIT7 1%
Lrg = FTT{HGRZp[kf{Du,Dpr}AA+k§({DM,Dp}DAA,, (2.48)

+{D., DP}DAAu + {Dw DV}DAAP)]ba'YA%} + h.c.

In these equations D, = 9, +V,, {D,,D,} = D,D, + D,D,, and {D,,D,D,} =

D,D,D,+ D,D,D, + D,D,D, + D,D,D, + D,D,D, + D,D,D,. A is the chiral

symmetry breaking scale taken as 1 GeV. ggy, 9su, 97H, 9xH, 9yH = k}/ + k%/,

gz = k¥ +kZ and gry = kF + kIt are the strong coupling constants involved. Here

Lpy [F = H,S,T,X,Y,Z,R] is the chiral lagrangian resulting from the interaction of

F = H,S,T,X,Y,Z,R fields with the ground state field H along with the emission

of light pseudo-scalar mesons (m,7n, K). These lagrangians are again replaced by
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notation L

i Lsy Ly ete. for the radial excited states.

2.8 Decays of Heavy-light Mesons

Particle physics has discovered various new elementary particles. Quark level pro-
cesses cannot be directly measured, because the strong interactions forms hadrons
from underlying quarks. Therefore, the experiments measures the processes by which
a particle decays. Decay of a particle is the spontaneous process in which particle
tends to decay to the lowest possible energy state it can reach. Every particle can
have various types of decay modes, i.e. different produced particles. A particle has
a characteristic lifetime for which they usually live before decaying. The decay of
a particle is expressed in terms of the half life, decay constant or mean lifetime.
Lifetime of a particle is the inverse of the rate of its decay I

The decay rate of particle depends on the interaction between the produced parti-
cles. Stronger is the interaction between the final particles, the more likely is the
decay of initial paticle to occur, and thus shorter is the lifetime of the parent par-
ticle. The particles in the final state may themselves be unstable and can decay
further to other particles.

Depending on the fundamental forces, the decay of a heavy-light (J§ meson can
be electromagnetically, weak or strong. There are various constraints that allows
or forbids various types of decay modes. For an allowed decay mode, all quantum
numbers like charge, baryon number, lepton number, strangeness, angular momen-
tum, isospin, charge conjugation, parity should be conserved for a strongly decaying
state. For a allowed electromagnetic decay, all quantum numbers except isospin
need to be conserved. And the decay process to occur through weak interactions,
except parity, isospin and charge conjugation all other quantum numbers should be

conserved. The total decay width of a (Jg system is given by

FTotal(Qq) = FE'M + 1—‘I/Veak + FStrong
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Since the coupling constant term for the weak and electromagnetic interactions is
very small as compared to strong coupling constant, so the main contribution to the
total decay width comes from the strong decays. Strong decays of the heavy-light
mesons with the emission of light pseudo-scalar mesons (7,7, K)are particularly im-
portant, as they contribute maximum to the total decay width of the meson.

So, in this thesis, we will emphasize only on the strong decays of a Qg meson. The
decay rates of D and B mesons are both experimentally and theoretically predicted
with great interest. When discussing the heavy hadron decays, one treats the heavy
quark(s) as a spectator(s). The decay amplitude relies on the coupling constants in
the Lagrangian which are easy to determine from the known data. Along with the
decay rates, branching ratios and fractions are also measured by various experimen-
tal collaborations like LHCb, BaBar, Belle, BESII/III, CDF etc., which are tested
by the available theoretical models. Branching fraction of a decay gives the relative
frequency of a particular decay mode. These strong decay rates may hold the key
to yet unseen physics effects.

The two body strong decay of an excited heavy light meson to lower state heavy-
light meson through the exchange of light pseudo-scalar mesons (Qq); — (Qq)s +

p(m,n, K)is given as [41,42]

1 Py 2
I'= o 2.49
2J +1 Z 87TMi2| | ( )

with &7 being the scattering amplitude, i and f denotes the initial and final state of
the heavy-light meson. The summation ) is over all the polarization vectors. And

the term p; denotes the momentum of the light pseudo-scalar meson given as

pr = \/(]\422 - (Mf + MPQ)XIEMZQ - (Mf - Mp)Q) (2'5())
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MESONS

This equation is obtained by observing the four momentum conservation in the
decay. We will use the decay width formulae given in Eq.(2.49), to study the prop-
erties of the higher excited heavy-light charm and bottom mesons. Beside the de-
cays to the light pseudo-scalar mesons, heavy-light system can also decay to vector

mesons [26,29,43].

2.9 Two Body Strong Decays of Excited Mesons

Excited states can decay to the ground state through the emission of light pseu-
doscalar mesons (m,n, K) in various possible ways. The strong interactions are
given by the most general chiral Lagrangian listed in previous section, which are
invariant under the heavy quark, chiral, Lorentz, C, P and T transformations.

The effective chiral lagrangian Lyy, Lsy, LTy, Lxg, Lyy etc. are used to obtain
the the scattering amplitudes ./ through their respective fields H,S,T,X,Y as the
application of PCAC. More details regarding this derivation can be seen in the pre-
liminaries of HQET. The calculated scattering amplitude is then used in Eq.(2.49)
to compute the strong decay width of higher excited heavy-light mesons decaying
to the ground state (0=, 17) doublet along with light pseudo-scalar meson (m, 7, K).
The decay width for various doublets are as:

0-,17) = (0-,17)+ M

2 3
_ ~ I My,
I'(1 17) = Oy ZHEIEM 2.51
(1" = 17) = Cu 37 f2M, (2.51)
2 3
_ _ I My,
N1~ = 07) = C,ZHE 1M
( ) = O 67 f2M;
~2 3
_ _ My,
r 17) = O, 22 IIM
(07 = 1) == oy
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MESONS
0+, 1) = (07,17) + M
r - gau My (P3y + miy)pm
I(1T = 17) =Cy o I (2.52)
2 2 2
- 9o My (py +miy)pm
INC =
(1%,2%) = (0-,17) + M
MA5m f2A2 M,
M 3r f2A2 M,
(17,27) = (07, 17) + M
_ _ 4g% .. M
r1- —07)= CM%f)éiz Mf [P (M3 + pas)] (2.54)
29%{1{ My

N1~ —=17) = CMgﬂ_ngQM[p?W(m?W + par)]

P2 = 17) = Oy 28 Mip 2 L2 )
37'(']?/\2 Mz

(27,37) = (07, 17)+ M
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MESONS
_ _ 4¢3, M
_ _ 4¢3, M
DB = 07) = Cuge s Al
_ _ 169)2/H My, 4
(27,37) = (07,17)+ M
_ 89%1{ My, 2 2
ret—17)= CMW v [Pas (g + pig)] (2.56)
4q¢2 M
+ -) = _29ZH P05 2 2
492 M
+ -) = _29ZH P05 2 2
(37,47) = (07,17)+ M
369%, M
D(3* = 17) = Oy ) (2.57)

351 f2AS M;

49%:H %[pQ ]
Tr 206 M; M

F(4+ — 1_) =Cy

169?%H My [pQ ]
35m f2A6 M; M

T4t —»07)=Cy

In the above decay widths, M; and M; stands for initial and final meson mass,

pym and mys are the final momentum and mass of the light pseudo-scalar meson

respectively. The coefficient Cg+, Cgo, Cpo, Cre = 1, Cro = % and C, = % or é.
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Different values of C,, corresponds to the initial state being cu, cd or €5 respectively.
All hadronic coupling constants depend on the radial quantum number. For the
decay within n=1 they are noted as gyp, gsg etc., and the decay from n=2 to n=1
are represented by gy, gsy. Higher order corrections for spin and flavor violation of

order % are excluded to avoid new unknown coupling constants. Eqs.(2.51 - 2.57),

shows that the decay width of any state depends on the initial and final meson
masses, their strong coupling constants, pion decay constant, energy scale A = 1
GeV, mass and momentum of light pseudo-scalar mesons. The applications to charm
and bottom meson decays have different aspects of advantages and drawbacks. In

the case of the bottom meson decays, the expansion in Ak/mpg converges quickly.

2.10 Masses of Heavy-Light Mesons

The constructed effective Lagrangians are used to extract various properties like
masses, decays, hadron production etc. for the heavy-light D and B mesons. To
study the behavior of the heavy-light mesons for their spectroscopy, masses are the
second most important property to be studied [54]. From the effective lagrangian
2.34, mass for any ()7 state to the first order of 1/mg is represented as :

A

- A1 2
My = A — 4(Sp.S, . 2.58
x=mq+ 2mg +4( @ ) 2mg ( )

In this equation, mg is the mass of the heavy quark, 4(Sg.S)) is the Clebsch factor,
The Ay and Ay are the non-perturbative parameters, whose values are expected

to be of the order of Ajyp that can be estimated by fitting the theoretical and

experimental data and their uncertainties. The parameter A is the energy of the
light quark fields (i.e. brown muck), A; term represents the kinetic energy of the
heavy quark Q and the term Ay gives the chromomagnetic interaction energy. Masses

are very important for studying the heavy-light mesons, as various other properties
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like decays, splittings etc. are dependent on masses. The detailed study for the

masses is presented in chapter 5.

2.10.1 Splittings

There are many implications of the mesonic masses in the heavy quark spin flavor
symmetry. The basic property is that, hyperfine splitting i.e. mass splitting among
the different doublets is independent of the heavy quark flavor. From the Table 2.1,

the hyperfine splitting for the ground state charm and bottom meson are given as

D*+ — D* = 140.61 MeV,
D*0 — D° = 142.02 MeV,
B** — Bt = 45.33 MeV

According to heavy quark spin symmetry, these hyperfine splittings should have
given same values. But in reality, because of the finite masses of charm and bottom

quarks, these doublets do not exactly degenerate [5,15,55]. The finite heavy quark

mass makes hyperfine splittings to appear as proportional to Aff@% term. There-

fore, larger bottom quark mass lowers the hyperfine splitting in B meson sector
as compared to splittings in D meson sector as expected. It is natural to expect
that, hyperfine splittings for P-wave mesons (D" — Di™ = 102.80 MeV) are smaller
than the splittings in the ground state S-wave doublet. With increase in energy,
the energy levels for the higher excited states get close to each other, therefore this
hyperfine splitting is expected to be even much smaller for higher excited states.

The hyperfine splittings give more refined predictions for the vector meson mass my
and pseudoscalar meson mass mp in form of m#, — m%. This splitting for charm
and bottom mesons gives m%,. — m?, = 0.54 GeV? and m%. — m% = 0.48 GeV?
respectively, which is nearly same. In the case of the strange mesons, the hyperfine

splittings are

D: — D, = 143.86 MeV,
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B — B, = 48.51 MeV

These splittings show the similar behavior as that of non-strange sector. But due
to the different flavored light quarks u,d and s, this splitting is not exactly same for
non-strange and strange mesons.

Heavy quark flavor symmetry implies that, the difference of the non-strange and
strange states for a given J¥ is independent of the heavy quark flavor. We expect
that to be Dy — D ~ B, — B ~ 100 MeV. Experimentally, it is 103.51 MeV for
charm ground state and 87.26 MeV for bottom ground state mesons.

Another implication of the heavy quark flavor symmetry is that, the energy for
states with different quantum numbers of light DOF is same for both charm and
bottom sector mesons. e.g. the excitation energy required to de-excite the P-wave
state Py (J¥ = 27) to ground state P (J© = 07) is approximately same for both

charm and bottom mesons. i.e.,

D} — D = 595.87 MeV
B — B = 459.87 MeV

2.11 Couplings

The strong decay rates mentioned in section 2.9 depend on the effective coupling
constants. The value of the coupling in the decay rate of heavy-light hadrons is a very
important input parameter for the description of the hadron processes. Therefore
their confirmation, either by theoretical approaches or by experimental analysis, is
relevant for checking the validity of effective theory. Effective coupling constant can
be calculated directly by using the experimental meson width values. Theoretically,
ground and low lying excited state couplings ggg and gsy are also calculated using
different approaches of QCD sum rules [49,51-53], lattice QCD [48] and HHxPT [54].
Accuracy in the values of couplings is very important, as decay rates are directly

related to the square of these couplings. so even a minor change in coupling values
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can result in a major change in decay rates.

By using the heavy quark spin and flavor symmetry, the number of independent
coupling constants are reduced to great extent. Heavy quark symmetry and decay
widths of ground state mesons help in constraining the range of the strong coupling
constants to be within 0 and 1 [50]. The value of the coupling constants for states
of same doublet is considered to be equal for both charm and bottom mesons. So
comparison of the coupling values predicted from both sectors individually, helps in
testing the authenticity of the theory. By using this symmetry, we can also make
predictions for decay widths for the unknown higher excited mesons.

However, model dependency in calculation of these couplings can be overcomed by
considering the branching ratios of the widths in which the constants get canceled

out.

In the next chapters, we will apply this heavy quark effective theory to study the

charm and bottom meson spectra.
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Chapter 3

Analysis of Charmed Meson
Spectra

3.1 Introduction

The excitation spectrum of heavy-light charm and bottom mesons has received con-
siderable experimental and theoretical attention, as it provides opportunities to
study the QCD properties with the help of different models. Experimental devel-
opment of accelerators and detectors has resulted in the observation of precise data
for many new excited hadrons. Mainly ete™, pp and e p colliders have provided
many open-flavored hadrons, especially the heavy-light mesons (H®). The heavy-
light hadrons are usually detected in B (B;) decays or in inclusive productions such
asete” - QQ — HY + X, pp — H? + X and ep — HY + X. Many new heavy-
light states like B;(5840), D%(2650)°, D%(2760)°, D,;(2860), D% (2710), B1(5721),
B3 (5747), D;(2580)°, D;(2740)°, D3(3000), B;(5970) etc. have been observed by
experimental collaborations like LHCb, BaBar, Belle, CLEO, CDF etc.

This vast available experimental information motivates the theorists not only to lo-
cate the available states but also to predict the masses and decay widths of missing
spectra. As discussed in chapter 1, there are many effective theoretical approaches

present in the literature to study the hadron properties. Some of the well known
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methods reflecting the QCD aspects are effective lagrangian theories [33], Regge
trajectory phenomenology [63], relativistic quark model [37,38], constituent quark
model ete. [47], quark pair creation (QPC) model [34,39,43]. In the present chapter,
we will focus on the heavy-light charm mesons. Several properties like mass, decay
width, angular momentum for the ground state, low lying and higher excited charm
mesons are discussed in detail. The heavy-light mesons containing bottom quark
as a heavy quark are investigated in next chapters. To examine the charm meson
states, "Heavy Quark Effective Theory (HQET)” (discussed in previous chapter) is

used as the basis of our framework.

Before starting the analysis of the charm meson spectra, let us first briefly look into
the experimental information available for the charmed mesons to draw the interest
towards the present study.

The ground state 1S non-strange and strange charmed mesons D(1864), D*(2010),
D4(1968) and D?(2112) have been well established and their masses and decay
widths are listed in PDG [1]. The lowest lying charm meson D is first observed in
1976 [2] followed by the vector meson D* and strange mesons D and D¥, which are
observed in 1977 [3,4].

The first orbitally excited 1P non stranged charmed states (Df(2400), D;(2420))
and (D;(2430), D3(2460)) for J’s (0F,17) and (17,27) have been confirmed by
many experiments and are listed in PDG. State D§(2400) is first announced by
the Belle collaboration [5], which later got confirmed at BaBar [6], FOCUS [7] and
Belle [8] experiments. Its spin partner D;(2420) is first reported in 1985 by the
ARGUS collaboration [9] and has then confirmed by many experiments [5,10-12].
The D;(2430) state of S; = 3/2 doublet has similar mass of state D;(2420) for dou-
blet S; = 1/2, but has much larger decay width. This state is observed by Belle [5]
and BaBar [13] collaborations. Its spin partner Dj(2460) was first reported by TPS
group [14], which later got confirmed by many other experiments [10-12].

The known stranged 1P charm states are (D%,(2317), D;1(2460)) and (D;(2536),
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D2%,(2573)) for doublets (07,17) and (17,2%) respectively. DZ,(2317) is first ob-
served by BaBar collaboration [15] in 2003, which has been then confirmed by Belle
[16] and CLEO [17] experiments. CLEO collaboration [17] also observed Dy;(2460)
in the D*7Y invariant mass spectrum, and it is then confirmed at BaBar [18] and
Belle [19] experiments. The other (17,2") doublet state Ds;(2536) is observed by
ARGUS collaboration [20] followed by various other experimental groups [10,21,22].
The JF = 27 state D%,(2573) is first seen by CLEO experiment [20] in 1994, which

also provided the branching ratio

B(D%,(2573)" — D K+)
B(D%(2573)" — DOK+)

<0.33 (3.1)

The value for this branching ratio is also given by LHCb collaboration as 0.044 +
0.005 £ 0.011 [23].

Except the 1S and 1P charm mesons, the other orbitally excited (D,F,.. wave) or
radially excited (n=2) charm mesons are still not confirmed by the experiments.
With lot of upcoming experimental information for higher excited strange and non
strange charm states, their J’s are yet to be established. Charm states observed
in the past decade are providing some hints in filling the missing charm spectra.
Recently, LHCD collaboration studied the resonant substructures B~ — Dtx 7~
decays in the pp collision at 7 TeV center-of-mass energy. The masses and the widths
of charm resonances with spins 1, 2 and 3 at high D*7~ masses are determined
[24]. The study gives indication that, these resonances are mainly coming from the
contribution of the D3(2460), D7 (2680), D3(2760) and D3(3000) charmed mesons.

The measured Breit-Wigner masses and widths of these charmed mesons are

D35(2460) : M = 2463.7 4+ 0.4 4+ 0.4 + 0.6 MeV, (3.2)

['=470+£0.8+0.9+0.3 MeV.
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D7(2680) : M =2681.1 £5.6+4.9+13.1 MeV, (3.3)

' =186.7T £ 8.5+8.6 8.2 MeV.

D(2760) : M = 2775.5 £ 4.5+ 4.5 + 4.7 MeV, (3.4)

['=953+£9.6+79=+33.1 MeV.

D3(3000) : M = 3214 £ 29 + 33 + 36 MeV, (3.5)

[' =186 + 38 £ 34 £ 63 MeV.

Also in 2010 and 2013, a great achievement has been made by BaBar and LHCb
collaborations. LHCb collaboration observed two natural parity states D*(2650)°,
D*%(2760)° and two unnatural parity states D;(2580)° and D;(2740)° by studying
Dtr~, D% and D*'n~ invariant mass spectra [25]. Along with these states,
LHCD has also observed D;(3000)° in the D**7~ final state and D%(3000)" and
D%(3000)° in the D7+ and DT~ mass spectra respectively. BaBar collaboration in
2010, studied inclusive ete™ — c¢ interaction and observed D ;(2560)°, D;(2600)",
D(2600)°, D;(2750)°, D%(2760)° and D*%(2760)" charm states [26]. Masses and
widths of charm resonances predicted by BaBar and LHCDb are so close, that they
are considered to be the same states. Masses and widths of these non-strange charm
states observed by various collaborations are presented in Table 3.1.

In the strange charmed sector, a new state D};(2860) is first observed by the
BaBar Collaboration in D,;(2860) — DK™, DT K° with mass M = 2856.6 + 1.5
MeV and width T' = 48 + 7 MeV [27]. It is supposed to have natural parity states
ie. 07,17,27,37 etc. But the assignment of D,;(2860) as the 01 state has been

ruled out after the observation of D;;(2860) — D*K [28]. For this state, BaBar
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Table 3.1: Experimental results of non-strange charm mesons from LHCb (2016)
[24], LHCb (2013) [25] and BaBar (2010) [26]. Values corresponding to M: and I":

represent masses and decay widths of the states in units of MeV. The ”-” corresponds
to the unobserved charm states at the experiments.
Charm State LHCb(2013) [25] BaBar(2010) [26] LHCb(2016) [24] Decay
D3(2460) - - M:2463.7£0.4+£0.4 | D*tn—
I':47.0£0.8+0.9
D}(2650)0 M:2649.2 £ 3.5+ 3.5 | M:2608.7 £2.4 £2.5| M:2681.1 £5.6+£4.9 | D* 7~
I':140.2+17.1+18.6 I':93+£6+13 I': 186.7 &= 8.5 £ 8.6
D?}(??GO)O M:2761.1 £5.1 £6.5 | M:2763.3 £2.3£2.3| M:2775.5+4.54+45 | D*Trn~
I':74.4+£3.44+370 I':60.9+51+3.6 I':53+96+79
D;(2560)° | M:2579.5+34+55 |M:2539.4+ 4.5+ 6.8 - D+ r—
I:17744+£17.8+£46.0 I':130£12+£13
D;(2740)° | M:2737.0 4 3.5+ 11.24 | M:2752.4 + 1.7+ 2.7 - D*tr—
I':73.2£13.4£25.0 I':711+6+11
D(3000)° M:2971.8 + 8.7 - - D+ n-
I':188.1+44.8
D%(2760)° | M:2760.1+1.1+3.7 - - D¥r—
I':74.4+34+19.1
D*(3000)° M:3008.1 £ 4.0 - - D¥r—
I':110.5+11.5
Dz(3000) - - M:3214 +29+33+36 | DT -
I': 186 £ 38 =34 £ 63
D*%(2760)T | M:2771.7+ 1.7 + 3.8 - - Dot
I':66.7+6.6+10.5
D*%(3000)F M:3008.1 - - DOt
I':110.5

also measured the branching ratio R as

Br(D?,(2860) — D*K)
R = s = 1.10+0.15 £ 0.19 3.6
Br(D?,(2860) — DK) (36)

Along with the D?;(2860) state, BaBar also observed two broad states D7 (2710)
and D;;(3040) in the DK and D*K invariant mass spectrum with mass and widths

as [27,28]:

DX (2710) : M = 2688 + 4 + 3MeV (3.7)

' =112+ 7 4+ 36MeV
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D,;(3040) : M = 3044 + 8 £ 30MeV (3.8)

I' = 239 £ 35 £ 42MeV

In Ref. [28], BaBar Collaboration reported the branching ratio for D% (2710)

state as

Br(D%(2710) — D*K)

R Br(D#(2710) — DK)

= 0.91+0.13 +0.12 (3.9)

In 2014, LHCb Collaboration also predicted a new resonance at 2.86 GeV in D'K-
invariant mass spectrum from decay channel B? — D'K ~7, containing the mixture

of spin 1 and spin 3 state components corresponding to D?(2860) and D?;(2860)

[29,30], where the mass and width parameters are as:

D, (2860) : M = 2859 4 12 & 6 + 23MeV (3.10)

I' =159 + 23 £ 27 £ 72MeV

D%,(2860) : M = 2860.5 + 2.6 £ 2.5 + 6.0MeV (3.11)

I'=53+£7+4+6MeV

Thus LHCb observed two new stranged charm states DX (2860) and D?;(2860)
with spin 1 and spin 3. Apart from these strange states, DZ;(2632) state is also
observed by SELEX collaboration [41] in 2004. However, BaBar, FOCUS, CLEO
collaborations [42] reported negative results in the search of this state. These ex-
perimentally seen strange charm states are tabulated in Table 3.2.

All these experimentally available charm states need to be assigned a position in

the charm spectra. It is very crucial to assign a proper J¥ to the heavy-light sys-

tem in a given spectra, as large amount of experimental information like decay
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Table 3.2: The experimental results of charm strange states D*,;(2860), D% (2860),
Dz,(2860), Dz (2710) and D, (3040).

State | Mode of Decay | Mass(MeV) | Width(MeV) | Experiment
D ,(2860) DK 2586.6+ 1.5 | 47+7 | BaBar [27]
D7 (2860) | DK~ 98590 £ 12 | 150+23 |LHCb [29,30]
D% (2860) | DYK-  |2860.50£2.6| 53+£7 |LHCb [29,30]

D*,(2710) DK 2688 4 112+ 7 BaBar [27]

D,(3040) D*K 3044 + 8 230+35 | BaBar [28]

width, branching ratios and hyperfine splitting are based on their J? values. Var-
ious theoretical models have suggested different J? states to the recently observed
experimental charm mesons. In this chapter, we analyze the available theoretical

and experimental data for the excited charm states to specify their proper J. In
addition to this, we also attempt to fill the missing charm spectra by predicting the
masses and strong decay widths for some of the unavailable non-strange and strange
charm spectra.

The non-strange charm state Dj(2460) is well established having J¥ = 2% in the
charm spectra [1,34]. The information provided by Babar (2010) and LHCb (2013)
for the states D%(2680) and D%(2760) respectively, is confirmed in 2016 by LHCD,
which suggested their J values to be 1 and 3 respectively. Theoretical study of these

two states concluded their J* to be 1~ for n = 2 S-wave and 3~ for n = 1 D wave

respectively [31-35]. States D;(2560)° and D;(2740)° being the spin partners of
D*%(2680)° and D*(2760)°, are assigned J¥ = 0~ for S-wave (n = 2) and 2~ for D-
wave (n = 1) respectively. Higher charm states D%(3000) and D,(3000) are studied
by various models like 3Py model, heavy quark effective theory, but their J* s are
not yet confirmed. Ref. [34] predicted the possible assignment for D;(3000) state
is either 35107 or 1F23ﬂL and 35117 for D%(3000) state. Where as authors in [36]

assigned D*%(3000) as the 1F’32Jr or 1F74" state and D,;(3000) as the 1F%3Jr or
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ZP%Fr state, and Ref. [40] has suggested various other possibilities for the J* 's of

(D*(3000), D;(3000)) and concluded 2P(0%,1%) to be the most favorable nLJ" s
in the charm spectra by evaluating their branching ratio.

The strange states D?;(2860) and D7, (2710) have also gone through extensive dis-
cussions by various theoretical models, to find a place in strange charm spectrum.
Various discussions suggest D (2710) to be suitable as radial excitation of S-wave i.e.

25%1_ [38,39] or as orbitally excited state with [ = 2 i.e. 1Dg3_ [33,43,45]. Strange
state D?,(2860) is suggested to be either 1D53™ or 2]3%0Jr state [33,38,39,43-45].

All these different theoretical approaches calculated different values for the branch-

Br(D?,(2860)—D*K)
Br(D*,(2860)—DK)

ing ratio R = ( ) of DZ,(2860). HQET approach has predicted R

to be ~ 0.39 [33], while Py model calculated it to be R = 0.59 [43]. Both of
these predicted value of R are far from the the experimental known branching ratio
R = 1.10 [28]. All these approaches favored D?;(2860) to be the 13Dj state due to
observed narrow decay width, at the cost of mismatch of R with its experimental

value.

But after the observation of two independent states D? (2860) and D¥;(2860) by
LHCb collaboration in 2014, it is speculated that it is the spin 3 resonance of
Dz(2860) that belongs to 13Dj state, with a narrow width T' = 53 MeV. Theoret-
ically, branching ratio R can be matched with the experimental value, considering
its contribution is coming from the spin 1 state of D% (2860) resonance. Theoretical
mass analysis, predicted the LHCb spin 1 resonance D7 (2860) to be either 13D,
state of 1D family or to be a mixture of 1>D; and 23S; states, since both have
the same angular momentum. Ref. [39,46] assign D;;(2860) to be mixing state of
13Dy — 235 with D% (2700) to be its orthogonal partner, and Li and Ma in Ref. [46]
obtained R = 0.8, which is very close to its experimental value of R = 1.10. X. H.
Zhong and Q. Zhao by chiral quark model [47,48] studied the D?; state as the 1°Ds

state with some 1> Dy — 1' Dy mixing. Wang [49] tried to obtain this experimental R
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value with some suitable hadronic coupling constants, that include chiral symmetry
breaking corrections in heavy quark effective theory. Besides these studies, Vijande
et al., assumes D,;(2860) to be the multi-quark exotic state as ¢s — c¢ns n [50].
Stephen Godfrey by adopting the pseudoscalar emission decay model [51], Qing-Tao
Song by QPC model [52], studied D?; as 13D; —23S;. Various predictions are made
to study the mixing effects in D?; state [53-56]. And lastly, the theoretical study

for the strange state Dy;(3040) has suggested it to belong to either 2Py 1™ or 1D;s2"
or 1D22_ states [39,48,57-59]. In Ref. [39], Q.T. Song et al. also suggested that
the 35 %0_ assignment for D,;(3040) state cannot be fully neglected.

Now, the main interest of theorists is focussed on newly observed non-strange
charm state D3(3000), whose mass and decay widths are comparable with the former
D%(3000) state. It is suggested by Zhi-Gang Wang in Ref. [60], that the energy
difference between D3(3000)° and D*(3000)° is 206 MeV (Mpj (30000 — Mp (30000 =
206 M eV'), which indicates them to be different particles. On the basis of the charm
masses predicted by relativistic quark model [61], Wang suggested D3(3000) to be

1F%Tr state [31,60]. But, using the 3Py model, J.Z Wang et. al, suggested the
most plausible assignment of D3(3000) to be the 3P% 2% state, but then the other
possibility like 2F %2+ can not be completely excluded [62]. Thus, the clear picture

of the J of D}(3000) is not yet available. Our present work is focussed on the
above ambiguities and to come out with a clear picture of J* for the D3(3000) state
by examining its various properties like masses, branching ratios, decays etc.

On the basis of masses predicted by various theoretical models [34,45,61,63-65],
we expect 1F(27) and 2P(2%)to be the two most promising candidates for the J* of
D;3(3000). D3(3000) is observed in the decay channel D7~ but not in D**7~, and

hence D**7~ decay mode must be suppressed. By analyzing the branching ratio

BR L(P5(3000) D*m)

T'(D5 (3000)= D) with their masses and strong decay widths, we further suggest
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one of them to be the most appropriate J? for the D3(3000) state and then deter-
mined its strong coupling constant.

As mentioned before, we use HQET model for studying the decay widths at the
leading order approximations, because the mass and the spin degeneracy of heavy
hadrons appears as approximate internal symmetry of the Lagrangian. Beside the
fact that, HQET contains many unknown phenomenological constants, HQET in
conjugation with the chiral perturbation theory x PT', has been successfully applied
to study the strong decays of the heavy hadrons [66,67]. However, heavy quark
symmetry helps in reducing the parameters by imposing constraints on these con-
stants, like that the range of the strong coupling constants is constrained to be
within 0 and 1 by studying the decay widths and branching ratios of ground state
charm mesons. [68]. The strong couplings can also be retrieved by comparing the
theoretically observed strong decay widths with the experimentally available widths

and masses.

In the next section 3.2, we examine the charm spectra for 1D, 1F, 2S, 2P states in
both strange and non-strange sector. We study the strong decays and the branching

ratios for the non-strange charm states D%(2460), D;(2560), D,(2740), D;(3000)
with their spin partners D%(2680), D%(2760) and D%(3000) for J* states 1P327,
25%0_, 1D%2_, 2]3%1Jr and 25%1_, 1D%3_, 2P%0+ respectively. We discuss their
strong coupling constants gry, Gun, 9y H, gsg involved. We also suggest a suitable
J¥ to the newly observed charm state D3(3000).

In addition to this, we also study the strong decays for the unobserved spin and the
strange partners of D3(3000) i.e. D(1'F3), D (1'F3) and Dy(1'F3) in the framework

of the HQET, which are experimentally unobserved but theoretically predicted. In

the strange sector, we studied the strong decay widths for the strange states like

D, ;(3040), Dz, (2710), D%, (2860) and D?;(2860) for their J*’s 2P%1+, 2551*, 1D%1*
and 1D 5 3~ respectively. To get the complete picture of the stranged charm spectra,

we have also predicted the masses and strong decay widths for their experimentally
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missing spin partners QP%OJF, 25%0_ and 1D% 27. The section 3.3 of this chapter

presents the conclusion of our study for charm mesons.

3.2 Numerical Analysis

The mass splitting between the higher excited charm states are closer than those of
the lower states, so different orbital or radial J? assignments are possible for single
charm state, thus the observed state needs detailed investigations. For a particular
JP, various decay modes are possible. Among them, the dominant mode is decided
on the basis of its contribution to the total decay widths among other partial widths.
The properties of charm spectra are examined on the basis of information about its
angular momentum, parity, spin, decay widths, branching ratios etc. Assigning a
proper J's to the experimentally available states is essential, as it helps in retrieving
many properties like decay width, strong coupling constant, branching ratios etc.

To analyze the J’s of charm states, we have divided this section in two parts, which
separate the non-strange and strange charm states. The numerical masses of various

mesons used in the calculation are tabulated in Table 3.3.

3.2.1 Non-Strange Charm States

In this section, we reanalyze the experimentally available data for the non-strange
charm mesons D%(2460), D,(2560), D,(2740), D%(2680), D*%(2760), D;(3000) and

D%(3000). We have also predicted the masses and decay widths for other experi-

Table 3.3: Numerical value of the meson masses used in this work [1].

States DY D* D+t D0 D¥ Dt
Masses(MeV) 1864.86 1869.62 2010.28 2006.98 1968.49 2112.30
States nt 0 n K+ KO

Masses(MeV) 139.57  134.97 547.85 493.67 497.61
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mentally missing states in 1D, 1F5/,, 25 and 2P charm spectra. The charm states
D*%(2460), D;(2560), D;(2740), D%(2680), D*%(2760), D;(3000) and D%(3000) dis-
cussed in previous section are analyzed on the basis of the available information on

J values taken from LHCb in 2016. Hence we identify these states as:

D35(2460) = (2%)swith n=1,L =1 (3.12)

(D.(2560), D3(2680)) = (07, 17)swith n=2,L =0 (3.13)
(D,(2740), D3(2760)) = (27,37 )gwith n=1,L =2 (3.14)
D35(3000)), (D;(3000) = (07, 17),with n=2,L =1 (3.15)

The numerical value of the partial strong decay rates and the branching ratios for
these charm states D3(2460), Dy(2560), D5(2740), D;(2680), D3(2760), D1(3000)
and D{(3000) are listed in Table 3.4. We have equated the resultant decay widths in
Table 3.4 with their experimental data to obtain the coupling constants gy g, grm,
gy and gsy which are listed in Table 3.5. The couplings gy g, gsu are obtained by
averaging the coupling values obtained from (Dy(2560), D5 (2680)) and (D;(3000),
D§(3000)) respectively. We have neglected the small value of the coupling gy g =
0.10, in comparison with its other theoretically predicted values [69]. The range in
the coupling constant, comes from the error-bar in the experimental mass and decay
width values. The obtained couplings are used later in this section to compute the

total strong decay widths for the strange partners of these 2S, 2P and 1D states.
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Table 3.4: Strong decay width of newly observed charm mesons D}(2460), Dy (2560),
D5(2740), D;(2680), D3(2760), D;(3000) and Dj(3000). Ratio in 5 column rep-

resents the I' =

T(D5—D* 7

partial decay width with respect to the total decay width.

for the mesons. Fraction gives the percentage of the

State |nLs;J¥ [Decay channel|Decay Width |Ratio|Fraction | Experimental value
(MeV) (MeV)
D3(2460) | 1P5/527 D*tr— 56.557 1 1 20.05
D70 29.76¢97, | 0.52 | 10.55
D**tp - - 0
Dtr— 128.40g%, | 2.27 | 45.52
Dt 0 67.06g7,; | 1.18 | 23.77
D*n 0.269%5{ 0 0
Total 282.0497y 47.00 £ 0.80 [24]
Dy(2560) | 257 /20~ D* T~ 867.329% 1 1 65.99
D*+x0 443.039%, | 0.51 | 33.71
D**p 3.858gg£{ 0 0.29
Total 1314.22g% 4 177.40 + 17.80 [25]
D7(2680) | 257 /21~ D*tr~ 889.349% 1 1 32.41
D*tq0 4451.87g% 5 | 0.50 | 16.56
D** 31.07@2511{ 0.03 | 1.13
DK~ 78.40g9%y | 0.08 | 287
Dt~ 682.5325],H 0.76 | 25.01
DFr? 346.56g7, 4 | 0.38 | 12.70
D*n 48.0597, 7 | 0.05 | 1.76
DfK~ 200.49g7,4 | 022 | 7.34
Total 2728.3507 1 186.70 + 8.50 [24]
D5 (2740) | 1D5/92~ D*tr~ 127.35g% 1 1 64.79
D*tq0 65.96g%; | 0.51 | 33.55
D** 1.30¢% 5 0.01 | 0.97
DK~ 1.9291,5[ 0.01 | 0.97
Total 196.55¢5 73.20 £+ 13.40 [25]
D3(2760) | 1D5/93~ D*tr— 100.15g5 5 1 21.10
D+ 70 51.73¢g% 5 | 0.51 | 10.90
D*tn 1.53¢% 0.01 | 0.32
D K- 2.88gY£{ 0.02 | 0.60
Dtr~ 191.14¢5y-, | 1.90 | 40.28
Dtr® 98.82¢%, | 0.98 | 20.82
D*n 7.05¢% 5 0.07 | 1.48
DK~ 21.14¢2 5 | 0.21 | 445
Total 4744743 95.30 £ 9.60 [24]
D1(3000) | 2P /217 D*tr~ 3325.52G% 1 41.96
D**+x0 1674.26g%, | 0.50 | 21.12
D*tn 516.829~SQH 0.15 | 6.52
DK~ 2408.76g5y | 0.72 | 30.39
Total 7925.3695 188.10 + 44.60 [25]
D(3000) | 2P /507 Dt~ 2315.81g%, | 0.50 | 20.26
Dt 0 4598.659% ;1 1 40.24
Dtn 748.382¢g5 | 0.16 | 6.54
DK~ 3763.239%1{ 0.81 | 32.93
Total 11426.10g95 110.50 + 11.50 [25]
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Table 3.5: Comparison of various coupling constants available in the literature.
Couplings in Ref. [69] and [35] are predicted by Z.G.Wang using charm and bottom
mesons respectively.

Coupling constant | Our study | Work in [69] | Work in [35]
grH 0.40+0.01 | 043+£0.05 | 0.43+£0.01
JHH 0.31+0.05| 0.14+£0.03 | 0.28£0.01
gvH 0.61 £0.05 | 0.563+£0.13 | 0.42£0.02
s 0.12 & 0.03 ; _

Next, we examine the newly observed charm state D3(3000). On the basis of the
theoretically predicted masses [34,45,61,63-65], D3(3000) is assumed to belong to
cither 1F (2%) or 2P; (2%) state. The partial and the total decay widths for both

these states are shown in Table 3.6.

To clear out the J¥ state for D3(3000) between 1F(27) and 2P(27), we have

observed the BR= 2(%‘;(?305003)1%*3 for both these states with their masses. The graph

for the BR with masses for these two J states 1F 5 (2%) and 2P (2%) are shown in
Figure 3.1.

The graph 3.1a shows, the value of BR for QP% (27) is equal to 1.06 corresponding

to the mass 3214 MeV, predicting D*m to be dominant mode as compared to Dm.
And the graph 3.1b depicts the value of BR for 1Fg(2+) state to be 0.40 for mass

Branching Ratio
Branching Ratio

12 14
10 _— 12
fa¥e] 1-0
- 0.8
Dol 0.6
0.4 0.4 — I
0.2 0.2
Mass
2600 2800 3000 3200 3400 2400 2600 2800 3000 3200 3400
(a) Ratio for 2P(2%) state (b) Ratio for 1F(2") state

Figure 3.1: Branching ratio I'(D3(3000)) — £Z for two possible J’s for D3(3000)
state
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Table 3.6: Strong decay width of D3(3000) with the J¥ assignment as 1Fs (2%) and
2Pg(2+). Ratio represents I' = r L

(D5 (3000)—D* 7~

y for D3(3000). Fraction gives the

percentage of the particular decay width with respect to the total decay width.

nLs;J¥ | Decay channel | Decay Width | Ratio | Fraction | Experimental Value
(MeV) (MeV) [24]

1F5/5(27) D*r 1046.539% ;1 1 13.60
D*+q0 531.269% 5 0.50 6.90
D*tn 109.14g% 0.10 1.41
DK~ 422.87g% 4 0.40 5.49
Dtr~ 2630.359% 5 | 2.51 34.20
Dt r® 1338.149%, | 1.27 17.39
D*n 307.359% 0.29 3.99
DFK~- 1304.87g%, | 1.24 16.96

Total 186 £ 38
2P55(27) D*tr~ 4075.159%.; 1 24.69
D*tx0 2060.89g7,; | 0.50 12.48
D**y 387.9992.; 0.09 2.35
DK~ 1754.17g2,; | 0.43 10.62
Dtr~ 1952.32g7, | 0.94 23.36
Dt 0 3856.13g2, | 0.47 11.83
Dtn 413.76G%. 0.10 2.50
DFK~ 2002.65g%; | 0.49 12.13

Total 186 + 38

3214 MeV, predicting Dm to be the dominant mode. Since D*m decay channel for
D3(3000) is experimentally suppressed, therefore 1F(2%) is considered to be the most
favorable J* for D3(3000). Along with the decay channels mentioned in Table 3.6,
D3(3000) being 1F(2%) also decays to 1P(1%), 1P (17), 1D(27) and 1D'(27) states
along with pseudoscalar mesons (7,7, K). Since these decays occur via relative F-
wave and D-wave, the contribution of their phase space to the decay widths are

negligible. And therefore, these channels are suppressed.

Considering the decay channels mentioned in Table 3.6 to be the only dominant

decay modes, the total decay width of D3(3000) comes out to be 7690.53¢% ;. Along

with the partial decay widths, Table shows the ratio r= i

r
D3 (3000)— D*F ) and the

branching fraction for various decay channels of D3(3000) state. The results in this

table reveals that, for D3(3000) state DT7~ and D°7® are the main decay modes as
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compared to the D**7~ mode. The decay width obtained is finally compared with

the experimental result, and the coupling constant gzp is obtained as

gzu = 0.15£0.02 (3.16)

The information on the value of coupling gz is very limited in literature, so the-
oretically extracting its value will be useful for finding partial and the total decay
widths of unobserved charm states D(1'F3), D,(1'F3) and D,(13Fy). Having similar
angular momentum, F-wave states 1F(3%) and 1F'(3%) can be possibly a mixture
of 1'Fy and 13F3 with mixing angle 6, = —49.1° [34].

Until now, the experimental information on the strong decay widths of D(1'F3),
D,(1'F3) and D,(13F;) states is unavailable, so the prediction of their partial and
total decay widths will be a motivation for future experiments. Mass of D(1'F3) is
predicted to be 3099 + 25 MeV Ref. [61,63-65]. Okubo Zweig lizuka (OZI) allowed
decay channels of D(1'F3) are listed in the Table 3.7. Column 4 of the Table 3.7
gives the branching ratio of various partial decay widths for charm state D(1'F3)
with respect to its partial decay width D**7~. Apart from the decay channels listed
in Table 3.7, D(1'F3) also decays to P-wave charm meson states through the light
pseudo-scalar mesons. The decay occurs via. F-wave, and due to small phase space,
these modes are suppressed and not considered in the present work. From the listed
decay channels, D**7~ comes out to be the dominant decay channel for D(1'F})
with branching fraction 51.84%. Hence, the decay channel D**7~ is suitable for
the experimental search for the missing charm state D(1'F3) in future. Using the
strong coupling constant gy from Eq.(3.16), total decay width for the charm state
D(1'F3) is obtained as 55.40 MeV. The partial decay widths predicted in this work
are comparable with the values predicted in Ref. [34]. We will now proceed with the

analysis of the strange charm states.
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Table 3.7: Strong decay width of D(1'F3), D,(1'F3) and D4(13F;) charm mesons
being the spin and strange partners of 1F(27). Ratio depicts the value T' =
L for D(1'F3) and T' = for Dy(1'F3) and D,(13Fy). Last

r
T(D%—D*F7-) T(D* ,—~D*OKT)
column gives the branching fraction for these states.

nLs;J* | Decay channel | Decay Width(MeV) | Ratio | Branching Fraction

1F55(3%) D7 29.03 I 51.84
D**+r0 14.78 0.50 26.38

D*tn 2.57 0.09 4.75
DK~ 9.00 0.32 17.01

Total 55.40 - 100
1Fysp(37) | DFRY 1241 0.97 35.15
DK+ 43.38 1 35.95
Dt 14.81 0.34 12.27
D0 20.04 0.46 16.61

Total 120.66 - 100

1Fyp(27) | DFEY 16.61 0.97 0.29
DK+ 17.00 1 9.50

Dty 5.78 0.34 3.23

D0 7.86 0.46 4.39
DT K? 45.30 2.66 25.33
DK+ 46.37 2.72 25.94
Dfn 19.37 1.08 10.29

Dj?TO 21.47 1.26 12.01

Total 178.79 - 100

3.2.2 Strange Charm States

In this section, we reanalyze the previously available experimental and theoretical
data on the strange charm states D;;(3040), D% (2710), D% (2860), D¥;(2860) which

are identified as:

D,;(3040) = (17)1with n=2,L

I
—_

(3.17)

1
2

D (2710) = (17)1with n=2,L =0 (3.18)

NI
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D¥,(2860) = (17 )awith n=1,L =2 (3.19)

3
2

D(2860) = (37)swith n=1,L =2 (3.20)

The partial decay widths for the strong decays of these strange charm states decaying

to the ground state (0=, 17) doublet are listed in Table 3.8. 4" column of this table

represents the branching ratio T = L ) for all the decay channels. And

D(D;,—D*7KT)
the 5™ column gives the contribution of a particular decay channel to the total

strong decay width of the state. On equating the total decay widths with their

experimental data, the strong coupling constants are obtained as:

s = 0.15+0.01 (3.21)
gny = 0.2340.01 (3.22)
gxn = 0.12+0.01 (3.23)
gyr = 0.32£0.02 (3.24)

The coupling constants gypy, gsy and gyy obtained for these strange states are
compared with the same couplings obtained from the non-strange states. The com-
parison shows that, the predicted value of coupling gsy is same for both strange
and non-strange charm states. This similarity in the gsy coupling value depicts the

SU(3) chiral symmetry between (u,d) and s quark of )G system.
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Table 3.8: Strong decay width of charmed strange mesons Dg;(3040), D% (2710),
Dz,(2860), D*;(2860). Ratio in the 5 column depicts the T' = L

A~

T(D:,—~DOK™)

for

the mesons. Fraction gives the percentage of the partial decay width with respect
to the total decay width.

State nLs;JU | Decay channel | Decay Width | Ratio | Fraction | Experimental value
(MeV) (MeV)
D,7(3040) | 2P jo1 7" D*t KV 3761.58¢%, | 0.99 [ 39.02
DK+ 3790.61¢% 1 39.32
Dity 485.90g%, | 0.12 5.04
Ditr0 1600.17g%, | 0.42 | 16.60
Total 9638.279% ;1 239 & 35 [28]
D} (2710) | 2851~ D*TKY 300.11g%, | 0.94 | 15.42
DK+ 317.01g% 1 16.29
Dty 317¢% 0.00 0.16
Dt q0 307.47g% | 0.96 | 15.80
DTK" 358.369%; | 1.13 | 18.41
DK™+ 371.36g%; | 117 | 19.08
Dfn 24.74G% 5 0.07 1.27
D}t 263.33g% | 0.83 | 13.53
Total 1945.599% ;1 112 4+ 7 [27]
D71(2860) | 1D3/91~ D*TK" 936.87¢% 5 | 0.98 8.90
DK+ 955.269% 5 1 9.07
Ditn 86.989% 7 0.09 0.82
Ditrd 433.269%; | 0.45 4.11
DT K° 3130.62¢% 5 | 3.27 | 29.74
DYK™ 3191.49¢%, | 3.34 | 30.32
Din 342.89¢9% | 0.35 3.25
Dfr0 1448.069% | 1.51 | 13.75
Total 10525.509% 5 159 + 23 [29, 30]
D75(2860) | 1D5/93~ D*TKY 46.65g%-;; | 0.93 9.47
DK+ 49.71¢% 1 10.09
Ditn 1.13¢% 4 0.02 0.22
Ditrd 46.32g%;; | 0.93 9.40
DT KO 121.21¢%,, | 243 | 24.60
DYK* 127.94¢%, | 2.57 | 25.97
Din 6.169% 5, 0.12 1.25
Dfr0 93.43¢% 1.87 | 18.96
Total 492.58¢% 5, 53 & 7 [29,30]
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The other couplings gyy and gyy does not exactly match with the coupling

values obtained from non-strange charm analysis. The value for the coupling gy g is
still very close for both the cases, which deviates only by 0.08 and can be very well
compared with other theoretically predicted values [35,69]. However, the coupling
gy shows a large variation, where the maximum deviation is 0.26.
Apart from the decay channels mentioned in Table 3.8, state Dy;(3040) also decays
to the D - wave charm states. But because of their small contribution, these decays
are not considered in present work. D**K* and D**K° are seen as the dominating
decay modes for D, ;(3040) with branching fraction 39.32 % and 39.02% respectively.
Ref. [39] also shows D* K to be the dominating decay mode for D;;(3040) belonging
to 2P ;»17 state.

So the decay mode D**K* and D*t*K° are suitable for its further experimental

confirmation.

Analysis for the strange state DZ(2710) shows that the DK™ is the dominant

decay mode for it, contributing 19.08% to its total decay width. The value of the

experimental known branching ratio R = %Tf%}(é?fg)i%kg) (Eq.(3.9)) obtained in
sl

our work is 0.84, which is very close to its experimental value of 0.91 predicted
by BaBar [28]. Here D*K (DK) is taken as D**K° + DK+ (DTK°® + D°K™).
Similar data obtained in the experimental and theoretical value of branching ratio
R confirms the J¥ = 2S5 51~ assignment for D} (2710) state.

Further, for the strange charm state D? (2860), DK™ is observed as the main

decay mode followed by DT K° having branching fraction of 30.32% and 29.74%

Br(D*,(2860)—D* K
Br(D*,(2860)—+DK)

respectively. Theoretically branching ratio R = ) for this state is

computed as 0.29 which is very much deviating from its experimental value 1.10 [28].
The difference in these two R values can be justified by assuming that, instead of

D7 (2860) belonging to a pure state LD3s17, this state is a mixture of LDs1™ and
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25 1 1~ with D% (2710) as its orthogonal partner. This is represented as

Dz, (2710) cost  sind 235,
- (3.25)
D¢1(2860) —sinf cosH 13D,

Now, branching ratio R depends on mixing angle 6, so by choosing a suitable mixing
angle 6, the value for R can be matched with its experimental data. Such a mixing
is allowed when spin symmetry violating 1/m effects are included, and both states
23S, and 13D, transform as J© = 1~ under the Lorentz group and differ only in
their values of J”. The mixing of these states has been studied in Ref. [39], which
predicted that the experimental data for these two states can be retrieved around
the mixing angle § = 6.8° — 11.2°.

Lastly for the charm state DZ;(2860), D'K* seems to be the main decay channel
which contributes 25.97% to its total strong decay width. Apart from the decay
modes listed in Table 3.8, D¥,(2860) also decays to P - wave charm states, which
due to their small phase space are not considered in the present work.

To complete the analysis of stranged charm spectra, we have also obtained the masses

and decay widths for their missing spin partners 25 %0_, QP% 0" and 1D32_. Until

now, the experimental information on these states is unavailable, so prediction of the
properties of these strange states will be a motivation to the further experimentalists.
To calculate the masses, we have used the fact that, the hyperfine splittings between
the spin partners within the same doublet are same for both strange and non-strange

charm states. i.e. for any doublet
D*—D=D;—-D;s (3.26)

holds true. Using the above equality for the experimentally available non-strange

and strange charm masses for H , S and Y field states, masses for 25 1 0, QP% 0"
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and 1D% 2~ are obtained as:

M(28,07) = 2639.50MeV (3.27)
M(2P,0%) = 3080.30MeV

M(1D327) = 2822.00MeV

These masses are in the similar range with the other theoretically predicted masses
[39,63,65,70]. Calculated masses are only 0.84-3.86%, 0.43-2.76% and 1.51-1.88%
deviating from the theoretical masses in Ref. [63], Ref. [65] and Ref. [70] respectively.

As compared to the predictions in Ref. [39], masses for states 25 107, 2Py 0% and
1D527 deviates by (0.28-0.81)%, (3.19-5.39)% and (13.04-16.33)% respectively. The

calculated masses are further used to study their strong decays, branching ratios
and fractions. Using Eqs.(2.51-2.57), the numerical value of the OZI allowed decay
channels for these states are listed in Table 3.9. Using average value of the couplings
JHH, sy and gy i obtained from non-strange and strange charm mesons, total decay

width of these states are obtained as:

(25107) = 68.19MeV (3.28)
P(2P,07) = 225.94MeV

['(1D:27) = 35.30MeV

2

Decay width for 25 1 0~ state differs only by 7.87 MeV whereas for QP% 0" it de-

viates by 59.79 MeV from the results predicted in Ref. [39].
We have also studied the decay behavior of strange partners of D3(3000) and

D5(3099) charm states i.e. (D%, Dg3) = (27,37)s with n=1 and L=3. Masses

5
2

for these strange charm states are taken as 3220.66 +9 MeV and 3232.50 + 33 MeV

from the theoretical work [61,63-65]. OZI allowed two body strong decay channels

97



SECTION 3.2: NUMERICAL ANALYSIS

Table 3.9: Strong decay width of 25%0_, QJD%OJr and 1Dg2_ as the spin partners

of D¥(2710), Ds;(3040) and D%,(2860) . Ratio in the 5th column depicts the T =

W for the 25%0_ and 1D%2_ mesons and I' = W for QP%OJ’.

Fraction gives the percentage of the partial decay width with respect to the total
decay width.

State nLs;JY | Decay channel | Decay Width(MeV) | Ratio | Fraction
D.0(2639.50) | 2550 D*F KO 2751205 0.02 | 29.40
DK+ 206.8352 1/ 1 | 3172
D;‘+7T0 363.55:@?{}1 1.22 38.86

Total 93.519% 1
D%,(3080.30) | 2P 50" D¥K? 5155.0202, 0.0% | 38.48
DK+ 5212.650% 1 38.98
Dy 728.4252 0.13 | 5.44
D0 99733332, 043 | 17.00

Total 13369.4032
D,(2822) | 1Dspp2- | D** KD 51.86¢2 1 0.93 | 31.08
DK+ 55.74¢2 1 | 3341
D¥y 0.89¢2 1, 0.01 | 0.53
D0 58.33% 1.04 | 34.96

Total 492.58¢%

of these two states are also listed in Table 3.7. For DY, and D3 state, we observe
DK~ and D**K~ are observed as the dominant decay mode with branching frac-
tion 25.94% and 35.95% respectively. In Ref. [39], DK and D*K are also seen as
one of the dominating decay modes for D}, and Dg3 states. These strange states
also decay to P-wave charm meson states, but due to small phase space, these modes
are suppressed in present work. Using gzy from Eq.(3.16), the total decay width
for D7, comes out to be 178.79 MeV and for D,s it is 120.66 MeV. Since the sum of
all the partial decay widths gives the total decay width for any state, therefore D,
state is observed to be a broader state as compared to its spin partner D,3 which
matches with the predictions of Ref. [39].

This analysis for the charm states in strange sector have helped in filling the charm

spectra for 251/2, 2P1/2, ].Dg/z, 1D5/2, 1F5/2 states.
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3.3 Conclusion

In this chapter, we have examined the charm non-strange states D% (2460), D ;(2560),
D*(2680), D;(2740), D*(2760), D;(3000) and D*(3000) with their J* as 1P32+7
25%0_, 25%1_, 1D%2_, 1Dg3_, 213%1Jr and QJD%OJr respectively along with their
strange partners D,;(3040), D%, (2710), D (2860), D;(2860) for their J’s 2P%1+,
25 1 17,1D 3 17 and 1Dg 3~ respectively. We use the HQET lagrangian at the leading
order approximation, to study the two body strong decay behavior of these charm

states with the emission of light pseudo-scalar mesons (7,7, K'). We have computed
the branching ratios and the coupling constants gry, gum, 9vu, 9xu, gsy for the
above said states, that can shed light on the present spectra and be helpful for future
experimental findings.

Along with this, we have also tentatively identified the JE for D3(3000) charm
meson which is recently observed by the LHCb in 2016 [24]. We studied the branch-

ing ratio for this state and concluded its J¥ to be 1F 5 2%, and correspondingly ob-
tained the coupling constant gz g ~ 0.15. The obtained coupling constants gy g, 971,
grr and ggy helps in predicting the possible strong decay channels for the experi-
mentally missing D(1'F3), Dgs(1'F3) Dg(13Fy), Ds(1' D)), Ds(2'Sy) and Dg(23Pp)
states. The observation of D3(3000) as 1F %2+ has opened a window to investigate
the higher excitations of charm mesons at the LHCb, BaBar, BESIII. The predic-

tion of masses and decay widths of these charm states have successfully provided the

charm spectra for 1P3/, 1D3/5, 1D5)5, 1F5/2, 2512 and 2P, /5 states in both strange

and non-strange spectra.
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Chapter 4

Analysis of Higher Excited 1P /25
1D3 /> and 257 5 Doublets of

Bottom Meson

4.1 Introduction

In the present chapter, we have examined the experimentally available bottom
mesons By(5721), Bj(5747), Bs1(5830), B (5840), B;(5960) and B;(5840). We
have studied their properties like masses, strong decay widths, branching ratios
etc. to assign them a particular J¥ in the bottom sector. We have also predicted
other unknown bottom states like B(2'Sy), Bs(2351), B(1'Ds), By(13D;) etc. In
particular, we aim in analyzing 1 P33, 1D3/3 and 2H /3 bottom doublets in both non-
strange and strange sector. In the previous chapter, using the similar properties,
we have studied the experimentally available non-strange charm mesons D%(2460),
D ;(2560), D%(2680), D,(2740), D%(2760), D,(3000), D%(3000) and strange charm
states D;;(3040), D% (2710), D% (2860), D%,(2860) [1-6].

To begin with this chapter, let us first review the experimental information avail-
able for the bottom mesons. This experimental study will raise the interest in the

present analysis of bottom states. In bottom sector, only ground state and few of
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the low lying excited bottom mesons are experimentally well known and are listed
in PDG [7]. The ground state 1S bottom meson B is first observed by CLEO col-
laboration in 1983 [8] followed by the vector meson B* in 1985 [9]. And the ground
state, strange bottom mesons By and B} are observed by CUSB-II collaboration in
1990 [10]. Experimental information for all these four states is tabulated in Table
4.1. There are many decay modes experimentally observed for these states. But
weak decay b — cW ™ is preferred for the pseudoscalar mesons B and B,. Vector
mesons B, and B! mainly decays through electromagnetic modes By and By re-
spectively.

The first orbital excited bottom meson B%(5732), is observed by OPAL detector at
LEP having mass M = 573812 47 MeV and decay width I' = 18715 MeV [11]. The
other orbitally excited 1P states B;(5721) and Bj(5747) are first observed by D()
collaboration in 2007 for J”’s 17 and 2 [12]. This observation is also confirmed
at LHCD [13] and CDF [14,15] experiments. LHCb collaboration has also provided

the following branching ratio’s for B3 (5747) state:

B3 (5747)0 — B*+q—
B3 (5747)0 — Btr-

— 0.71+£0.14+0.30 (4.1)

B(5747)F — B*xt
B3 (5747)" — BOrt

1.0+05+08 (4.2)

In the strange sector of bottom mesons, OPAL detector in the same experiment
observed a strange state B;(5850) [11], which later in 2008 is separated into two
states Bg1(5830) and BZ,(5840) by CDF collaboration [16]. These states are also
confirmed by LHCD [17], D@} [18] and CDF [15] collaborations. In the bottom meson
spectra, only the ground state mesons are known with confirmed J’s. And the

information for other higher excited bottom mesons above B%(5732) is rather limited
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as compared to the charm mesons. However, the recent measurement of bottom
mesons by LHCb has opened the gate to extend our understanding for the higher
excited bottom states. Recently in 2013, a new state B;(5960) has been observed

both in the B%r* and BTn~ mass distribution by the CDF collaboration. The
observed mass of this resonance is M = 5978 £ 5 £ 12 MeV for the neutral state
and M = 5961 + 5 £+ 12 MeV for the charged state [15]. In 2015, LHCb has also

reported the observation of new resonances B;(5960)%" in the pp collision data, at

center-of-mass energies of 7 and 8 TeV [13] with results:

B;(5960)° : M = 5969.2 & 2.9 + 5.1 & 0.2MeV (4.3)

['=8234+7.7T+94MeV

By(5960)" : M = 5964.9 & 4.1 + 2.5 + 0.2MeV (4.4)

I' =63.0 £ 14.5 £ 17.2MeV

Besides the state B;(5960), LHCD also observed a new highly excited bottom reso-

nance B;(5840)%" in the Bt mass distributions with mass and decay widths as:

B;(5840)° : M = 5862.9 + 5.0 + 6.7 & 0.2MeV (4.5)

I'=1274+16.7 £ 34.2MeV

B;(5840)" : M = 5850.3 + 12.7 + 13.7 + 0.2MeV (4.6)

I' =224.4+£239 £ 79.8MeV

The masses and the widths of the experimentally measured bottom states B, B*, B,
B¥, B;(5721), B;(5747), B;(5840), B;(5960), B,;(5830) and B, (5840) discussed

above are listed in Table 4.1.
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Table 4.1: Values of masses and decay widths of bottom mesons observed by various

collaborations.
State JP Mass (MeV) Width (MeV) Experiments Decay Modes
B(5279)° 0~ 5279.61 +0.16 - CLEO 8] Drm,D*m
B(5279)* 0~ 5279.29 +0.15 . CLEO [8|  Dr, Dirr
B(5324)° 1~ 5324.83 £ 0.32 ] CUSB [9] Bry
B,(5366) 0~ 5366.79 =+ 0.23 - CUSB-II [10] ]
B:(5415) 1~ 5415.40£0.15 - CUSB-II [10] By
By(5721) 1* 5727.7+£0.7 301415  LHCb [13] B'r
5720.6 + 2.4 . DO [12] Br
5725.3 + 1.6 . CDF [14] Bn
Bi(5747) 2* 5739444037 245410  LHCb [13] B*r,Br
5746.8 £ 2.4 ; DO [12] B*r,Br
57402417 227432 CDF [14] B*r,Br
B,(5840) —  5862.9+50 127.4+16.7  LHCb [13] Br
B;(5960) — 5978 £5 - CDF [14] Br
5969.2 £ 2.9 823 7.7 LHCb [13] Bt
B, (5830) 1t 5828.40 £ 0.04 ] LHCb [17] B'K
5828.3 £ 0.1 0.5£0.3 CDF [15] B*K
5829.4 + 0.7 ; CDF [16] B*K
B5(5840) 2+  5839.6 + 1.1 ] DO [18] B*K BK
5839.70 £ 0.7 - CDF [16] B*K ,BK
5839.70£0.1  140+£04  CDF [15] B*K BK
5839.99 £0.06 1.56 £0.13 LHCb [17] B*K ,BK
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Many theoretical predictions have been made for assigning a particular J’s
to these experimentally observed states. Different theoretical approaches include,
the constituent quark model [19,20], chiral quark model [21], effective lagrangian
model [23], ® Py model [22], QCD sum rules [24], chiral particle decay [25] and semi-
relativistic quark potential model [26,27,45]. Due to the different theoretical pa-
rameters present in these theoretical models, the predictions are not completely
consistent with each other, hence a particular J? is not confirmed for these exper-
imentally observed bottom states. It is very crucial to assign a proper J¥ to the
heavy-light meson to know their properties like decay width, mass, branching ratios,
strong coupling constant, hyperfine-splittings etc.

The states B;(5721) and B3 (5747) are being analyzed theoretically by various
models [26,28-31] and have interpreted Bj(5747) state to belong to 2*. For the
Bj(5721) state, some of the theoretical work [23,26,30] favors it to be the spin part-
ner of the B3 (5747) state and hence as 11 for S; = 3/2 P-wave bottom meson. And
other papers [28,29,31] suggests B;(5721) to be the mixture of the 1P, and 1P;/,
state. The other two bottom states By (5830) and B, (5840), being the strange
partners of B;(5721) and Bj(5747) states, too belong to 1Ps3/,1" and 1Ps3227 J's
respectively.

For the bottom state B;(5960), authors in Ref. [32] claimed, that the properties
of B(5970) seen by CDF collaboration [15] are consistent with the properties of
B;(5960) measured by LHCb [13], so they might be similar state. The theoreti-
cal analysis made by studying decay widths for B;(5960) by QPC model [31] and
HQET [34], favors it to belong to 251~ state. This prediction is also supported by
work in [27,33], where the authors have used the semi-relativistic quark potential
model and relativistic quark model. The work [36], we presented in the next chapter
deals with the masses that are predicted using the QCD and 1/m¢ corrections to

the flavor independent parameters Ap and Ap. Here also, B;(5960) is favored to be
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251" state. But, Qi-Fang Lu et. al. in Ref. [29] studied masses and strong decays of
B;(5960) states with different spin parity hypothesis and identified that, B;(5960)
belongs to 1D3~ state. A review on open charm and bottom systems by Hua-Xing
Chen in Ref. [35] examines various theoretical results and concluded that B;(5960)
belongs to 251~ state. As most of the analysis favors the 251~ spin parity, thus
B;(5960) is considered to be the radial excited 251~ state.

And lastly for the B;(5840) bottom state, two spin parity proposals have been put
forward. First one is given by authors in [29], where they suggested it to belong to
250~ state. This interpretation matches with the LHCb collaboration results [13].
Second possible J is given in [33], where authors suggested the B;(5840) state to
be the member of 1P1" doublet with S; = 1/2. Because of the ambiguity of various
JF states for B;(5840), it is motivation for us to look into its properties to assign it
a proper position in the bottom meson spectra. In Ref. [29], the J¥ for bottom state
B;(5840) has been analysed by predicting the masses and decay widths using non-
relativistic quark model and ? Py model respectively. Whereas the J¥ of B;(5840) in
Ref. [33] has been decided just on the basis of theoretically predicted bottom meson
masses. In both the references, the models have some unknown parameters, which
are fitted by using experimental data’s like decay width of bottom state Bj(5747)
etc. So the accuracy of these predictions cannot be completely justified.

We use HQET as our framework to study the strong interactions among the heavy-
light bottom mesons. As we have discussed in previous chapters, HQET has suc-
cessfully explained the properties of heavy-light hadrons. The effectiveness of this
theory lies on the fact that, heavy quark is treated as a dynamical degree of freedom.
As a result, number of unknown parameters is greatly reduced by using the heavy

quark SU(2N) flavor and spin symmetry.

Br
B*m

In this chapter, we predicted J using the branching ratio which is free from
any theoretical parameter, hence the predictions made by HQET are supposed to

be more accurate and logical. This chapter is arranged as follows: section II rep-
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Table 4.2: Numerical value of the meson masses used in this work [7].

States BY B= B* B, B:
Masses(MeV) 5279.58 5279.25 5325.20 5366.77 5415.40
States t 0 n K+ K"

Masses(MeV) 139.57  134.97  547.85 493.67 497.61

resents the numerical analysis to confirm the J¥ for the bottom state B;(5840) by
studying the branching ratio’s with the masses for all the assigned J*’s states. This
section also includes the reanalysis of bottom states By (5721), B3 (5747), Bs1(5830),
B?,(5840) and B;(5960) for their respective J’s. In addition to this, we also study
the strong decays for the experimentally unobserved but theoretically predicted
states B(2'S)), B,(2351), Bs(2'Sy), B(1'Dy), Bs(13D;) and By(1' D) in the frame-
work of the HQET. Section III presents the conclusion of our work. The numerical

masses of various mesons used in the calculation are listed in Table 4.2.

4.2 Numerical Analysis

To assign a particular J¥ to the experimental available states is very important,
as the JP’s helps in redeeming many crucial strong interaction properties of the
states like their decay widths, masses, branching ratios, hadronic coupling constants
etc. The recently observed state B;(5840) has gone through various theoretical
analysis [29,33] for its strong decay, but a unique J¥ is not yet confirmed for it.

In this section, we confirm a particular J to the bottom state B;(5840) recently
observed by LHCb. On the basis of the theoretically predicted masses Ref. [29,
33,37-39], B;(5840) can be a member of the doublets for radially excited S-wave
25(07,17), or for orbitally excited D-wave doublets 1D(17,27) or 1D(27,37). These
six possible J¥ states are tabulated in Table 4.3 with their allowed strong decays to
the ground state bottom mesons 1S(07,17).

To choose the best possible J” among these, we study the branching ratio
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Table 4.3: Strong decay channels for all the six possible spin-parity J* values for
B;(5840) state. All the values are in MeV.

Decay Mode 250~ 251~ 1D1~ 1D2;, 1D2;, 1D3~
BOr0 - 220.649% 5 | 182.58¢% - - 12.844%
BFr~ - 439.409% ;| 364.14¢% - - 25.44¢% ;;

B - 1247¢% | 11.609% 4 - - 0.01g%
B,K - - - - - -
B*r0 523.719%;; | 347.469% | 61.63¢%; | 184.91¢9%; | 16.98¢2 | 9.700% 4
B*nt 1040.109%;; | 690.08¢% ; | 122.46g%, | 367.39¢9%; | 33.41¢%, | 19.09¢% 4
B*n - - - - - -
B:K - - - - - -
Total 1563.829% ;7 | 1710.09g% ; | 7T42.43¢% 5 | 552.30¢% ; | 50.40¢% ;; | 67.09¢% 5
Ratio Ry 0 0.63 2.96 0 0 1.32
BR— R, — ['(B;(5840) — Bm) (47)

I'(B;(5840) — B*r)

for all these suggested J’s. This ratio R; is effective in distinguishing these six

possible assignments, as this ratio R; gives result independent of the coupling con-

stants gyg, gxg and gy, thus making the predictions model independent. This

ratio gives different values for all these six states, thus allowing us to assign a proper

JT for the bottom state B;(5840).

The calculation of the total decay widths for all these six classifications of B;(5840)

requires the value of the coupling constants ggg, gxyg and gyy which are experi-

mentally unknown. Nevertheless, on the basis of the theoretically available values

of these couplings, following justification can be provided.

o If B,;(5840) is classified as the one of the member of the doublet 25(0~,17),

then the total decay width for these states comes out to be 150.28 MeV and

165.13 MeV respectively for 250~ and 251~. This prediction is made using

the theoretical data gy = 0.31 [41]. Both these decay widths match very well

with the experimentally observed broad decay width of 127 MeV for B;(5840).
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Theoretically 251~ is known to be the suitable J¥ for experimental bottom
state B;(5970). And, according to conservation laws, experimental observed
decay mode Bz is not possible for 250~. Hence the possibility of these both
JP’s 250~ and 251~ are excluded.

If B;(5840) is the member of the doublet 1D(17,27) with s/’ = 3/27 , then
the total strong decay width comes out to be 42.76 MeV and 31.81 MeV for
JP 17 and 2~ respectively. For this, gxy is taken as 0.24 which is obtained
using the charm state D}(2760) information observed by LHCb in 2016 [43].
The 0 R; value and the narrow decay width for state 1D27 also rules out this

option for the B;(5840).

The last possibility for B;(5840) can be the member of the doublets
1D(27,37). Using the available data for coupling constant gyy = 0.61 [41],
the total decay widths for JZ states 2~ and 3~ comes out to be 18.75 MeV and
24.96 MeV respectively. Even for such high value of gy, the decay widths
are very narrow. So, the classification of B;(5840) as member of 1D(27,37)

is completely ruled out.

The only available option of spin parity for B;(5840) is 1D(17)3/2. We have also

plotted the graphs for the R; with their masses for all six possible J? states, shown

in Figure 4.1. It is worth noticing that the Fig. 4(a) shows, the R; remains 0 for

the entire mass range which depicts that Bm decay mode is either suppressed or

not allowed for J"’s 2507, 1D3/52~ and 1Dj552~. The graph 4(b), 4(c) and 4(d)

shows the variation of R; with the masses and give the values of R; as 0.63, 2.96

and 1.32 for the J¥ states 2517, 1D1~ and 1D3~ respectively, corresponding to the

M (B,(5840)) = 5862.90 MeV. The values 2.96 for 1D1~ and 1.32 for 1D3~ point

towards the dominancy of Bm mode, whereas the value 0.63 for the 251~ directs

the dominancy of B*m decay mode.
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It is interesting to notice that, the ratio Ry of B;(5840) for J* state 1D(17)3/2 also
comes out to be maximum with value of 2.96, thus favoring 1D(17 )3/, as the most
favorable J* for B;(5840).

However, if we consider the fact that photon from the B* — B~ is too low in energy

to be detected and B* mesons are partially reconstructed as B mesons. Then the
JE option for B;(5840) belonging to 250~ cannot be fully ignored because of its
large decay width. The identification of B;(5840) as 250~ is also supported by the
work in [13,29]. So, in future one may expect that, experimental information about
the decay modes for B;(5840) broadens up, to clearly identify the exact J* for

this state. As LHCb experiment observed only Bz, so in this chapter, we expect

B;(5840) to belong to 1D(17 )3/, J value.

4.2.1 Prediction of Spin and Strange partners for B;(5840)

On the basis of the spin parity assignment of B;(5840), it is interesting to look for
some features of its spin and strange partners. As discussed, B;(5840) is assigned as
the orbitally excited D-wave state with J as 1D17. Using the Eq.(2.54), the com-
plete picture of the partial decay widths for B(1'Dy), Bs(1>D;) and B,(1' Dy) being

the spin and strange partners of B;(5840) state are listed in Table 4.4. Along with

T

the partial decay widths, table also shows the branching ratio r= (B, (5810) S B )

for non strange states, ratio T = L ) for strange states and branching

fractions for all the mentioned decay modes. Apart from the decay channels men-
tioned in this table, B;(5840) being 1D(17) also decays to 1P(1%), 1P'(1*) and
1P(2%) states along with pseudoscalar mesons (m, 7, K). Since these decays occur
via D-wave, so their contribution is relatively suppressed. Here, we mentioned only
the dominant decay modes of B;(5840), with which total decay width comes out to

be 742.43¢% 4.
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The information in the Table 4.4 reveals that, for B;(5840) state BTn~ and
B%7Y are the main decay modes as compared to the B**7~ and B*°7° mode. The

experimental decay width information of B;(5840) gives coupling constant gxg to

be

gxm = 0.41 4 0.02. (4.8)

This information can be a beneficial in finding total and the partial decay widths of
unobserved highly excited 1D-wave bottom states.

Theoretically, mass of the spin partner of B;(5840) i.e. B(1'D,) is obtained as
5967.204+30 MeV from Ref. [26,29,33,37-39]. Column 5 of the table gives the ratio of
the partial decay widths for B(1!'Dy) decaying to various channels to its decay width
of B*~wT. Apart from the decay channels (B*r°?, B*n, BfK) listed in this table,
B(1'D,) also decays to P-wave bottom meson states 1P(0%), 1P(1%), 1P'(1*) and
1P(27) which occurs via D-wave, and thus due to the small phase space, these decay
modes are suppressed when compared with its decay to ground state S-wave mesons
and hence are not shown in Table 4.4. From the listed decay channels, B*~ 7" comes
out to be the dominant decay mode for B(1'D,) with branching fraction 60.34%.
Hence, the decay mode B* 7" can be a motivation for the experimental search for
the missing bottom state B(1'D,). Using the value of the coupling constant gxg
obtained from Eq.(4.8), total decay width of the bottom state B(1' D,) is obtained as
241.33 MeV. This value is in same range as given in Ref. [29] with 3.87 % deviation.
Masses for the strange partners of these bottom states are taken as 6083.06 MeV
and 6057.50 MeV from the theoretical work [29,33,37-39]. Strange bottom states
decaying to decay modes represented by ”1” in Tables 4.4, 4.5, 4.6 are the isospin
violating processes, so the final decay widths are multiplied by suppression factor

2

€2. This suppression factor € results from the 7°

— 1 mixing [25] defined as € =
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Table 4.4: Strong decay width of newly observed bottom mesons B%(5840) and its
spin and strange partners B(1'Dy), B(1'Dy) and B?(13>D;). Ratio in 5 column

represents the I' = —1——
(B =Bt r—

for the strange mesons. Branching fraction (B.R) gives the percentage of the partial

decay width with respect to the total decay width. T represents the isospin violating
Proceésses.

_ r
) for the non-strange mesons and I' = (BT, 5BUKT)

State nLs;J* Decay Decay Width Ratio B.F % Compared
value

channel (MeV) (MeV)
B;(5840) 1Dg/91~ BT 122.46¢% 1 16.49

B*rf 61.639% 1 0.50 8.30

BOx0 182.58¢% 1.49 24.59

Bt~ 364.149% 2.97 49.04

B 11.60 0.09 1.56

Total 742.439% 4 127.40 Ref.[1]
B;(5967) 1D3/02~ BT 866.429% 1 60.34

B*r0 435.169% 0.50 30.31

B*n 94.61g% 0.10 6.58

BXK 39.42g% 5 0.04 2.74

Total 1435.699% 250.69 Ref.[2]
B;(6083) 1Dy3/91~ B’ 0.01g% - -

Bin 12.39¢% 4 0.04 0.50

B*K?° 300.48¢% 0.98 12.30

B*"KT  305.62¢9% 1 12.51

TBY70 0.049% 4 - -

Bsn 49.019% 5 0.16 2.00

BTK~ 894.379% 1 2.92 36.62

BK? 879.819% 4 2.87 36.03

Total 2441.729% 1 213.38 Ref.[2]
Bj(6057) 1Dy3/92~  TBin° 0.04g% 5 - -

Bin 23.629% 5 0.03 1.61

B*K*  724.42¢%, 1 49.66

B* KO 710.609% 5 0.98 48.71

Total 1458.669% 1 198.64 Ref.[2]
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V8 __mamu__ — 1 (0 x 1072,

4 ms—(my+mq)/

Referring to the branching fractions in Table 4.4, BTK° and B*~ K+ seems to be
the dominant decay modes with contribution 36.62% and 49.66% for strange states
B}, and Bj respectively. These states also allow decays to P-wave bottom mesons,
but are relatively suppressed. Hence the total decay width for these strange state

comes out to be

I'(BY,) = 410.45MeV. (4.9)

T'(Biy) = 245.20MeV. (4.10)

The result concludes, B}, to be a broader state as compared to its spin partner
Bgs.
Moreover, if we use the coupling gy = 0.45 obtained in Ref. [42], the decay widths
for states B(1'Dy), Bs(13D;) and B,(1'D,) deviate from our results by 16%. The-
oretically, this coupling values are also obtained as 0.45 [42], 0.53 [44] and 0.19 [30]
from the charm states Dy;(2860), D;(2600) and bottom state B;(5960) assuming
them to be in 1D1~ state. As the D;(2600) and B;(5960) belong to 2517, so
the last two values of coupling gxy = 0.53 and 0.19 predicted from D,(2600) and

B;(5960) are not useful for our study.

4.2.2 Analysis for bottom states B;(5721), B;(5747), B41(5830)
and B,(5840)

We also analyze the bottom states By (5721), B3 (5747), Bs1(5830) and BZ,(5840) for

their J*’s. On the basis of their available theoretical and experimental information,
By (5721), Bs(5747), Bs1(5830) and B, (5840) are identified as the P- wave bottom

mesons with .S; = 3/2.
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(By(5721), B3 (5747)) = (17, 2%)g/owith n = 1, L = 1. (4.11)

* _ + o+ : _ _
sl 9 - 9 - b - .
(B.1(5830), BY,(5840)) = (17, 2")gpwith n = 1, L = 1 (4.12)

We study their strong decay widths and calculated various branching ratios involved.
Using Eq.(2.53), the numerical value of the partial decay widths for bottom states
B (5721), B3 (5747), Bs1(5830) and B?,(5840) are given in Table 4.5. The obtained
decay widths are then compared with the experimental data to obtain the strong
coupling constant gry. Since the strange states B (5830) and B, (5840) are very
narrow, we exclude them to calculate the coupling constant gry. gry comes out
to be 0.50 = 0.01 and 0.37 £ 0.01 for bottom states By(5721) and B3 (5747) respec-
tively. This is consistent with other theoretical values of g7y in Ref. [41], [30], [40]
(mentioned in Table 3.5) obtained from charm mesons. Here, the consistency in the
hadronic coupling constant gry beautifully describes the heavy quark symmetry for
the charm and the bottom mesons. Even if we include the above strange states, the
change in the coupling value is negligible. We also obtained the ratios Ry, R3 and

R4 as

(B, (5721))

B = P (B (5721)) + 1(B; (5747))

= 0.60 (4.13)

I'(B; — B*n)
Ry = — 0.46 4.14
° 7 (T(B; — B*m) + ['(B; — Bn)) (4.14)

*+7T_

— =085 (4.15)

which are consistent with their experimental value of Ry = 0.47 4+ 0.06 and R3 =
0.47 £+ 0.09 observed by D) collaboration [12] and Ry = 0.71 + 0.14 measured by

LHCD [13]. Table 4.5 also shows the decay widths of the strange bottom states
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Table 4.5:  Strong decay width of newly observed bottom mesons B;(5721) and
B3(5747) and their strange partners B,;(5830) and B?,(5840). Ratio in 5 column

represents the ' = — L for the non-strange mesons and I' = —— L
P F(BS*)%B*+7T7) g F(BSJ—>B*OK+)

for the strange mesons. Branching fraction (B.F) gives the percentage of the partial
decay width with respect to the total decay width. Decay width marked as ”-”
represents very small, but non zero contribution.

State nLs;JU Decay channel Decay Width Ratio B.F % Experimental

(MeV) value(MeV)
Bi(5721)  1Psp1™ Bt 74.839% 1 66.16
B*r0 38.25¢g%,,  0.51  33.82
Total 113.099% 30.1 Ref.[1]
B3(5747)  1P3p27" B*rt 524797 1 30.65
B*r0 26.78¢g%,  0.51  15.64
BO70 30.91¢g%,  0.58 18.05
Bt~ 61.02g% 1.16  35.64
Total 171.18¢2 24.5 Ref.[1]
B;1(5830) 1Py3017" B*T KV — - -
B*K* - - -
Total - 0.5 Ref.[3]
B:(5840) 1P 2" B*t KO 0.2097 ;1 0.59  2.18
B~ K* 0.349%.; 1 3.71
BTK~ 39793 11.40 43.38
BKY 4.6497.; 13.33  50.71
Total 9.15¢%. 1.40 Ref.[3]
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B;1(5830) and B, (5840). Decay widths marked as ”-" for By (5830) state decaying
to B** K~ and B*~ K° has very small contribution of the order of 1071 MeV. The
suppression factor €2 = 1 x 107* neglects the contribution of decay modes B}7® and
B,® for these strange bottom states. Thus, negligible values of the decay widths
for B1(5830) state is consistent with its very small decay width 0.5 MeV measured
by CDF collaboration [15] in 2014. Table 4.5 reveals that B**n~ and Bfn~ are
main decay modes for By(5721) and Bj(5747) with branching fraction 66.16% and
35.64% respectively. Similarly, B°KY is observed to be the dominant decay mode

for strange state B,(5840).

4.2.3 Prediction of Spin and Strange partners for B;(5970)

Now, we will proceed in the similar manner to study the spin and strange partners for
bottom state B;(5970). As we have discussed, B;(5970) is fitted to be the radially
excited state with J¥ 17. Table 4.6 shows the partial decay widths for B;(5970)

along with its spin and strange partners B(2'S)), B,(2%S;) and B,(2'S;). Along

with the partial decay widths, table also shows the branching ratio T = +
(BB )

and T =  for the non-strange and strange states B(2'Sy), B(2*S;) and

- r
T(B:,—BK*
By(2351), Bs(2'Sy) respectively.

From the experimental decay widths of B;(5970), we obtain the strong coupling

constant gypy as

gun = 0.15 £ 0.01. (4.16)

Using HQET, this coupling constant gy is also predicted as 0.14 [30], 0.31 [41],
0.28 [23] and 0.40 [44]. The first value is obtained from bottom state B;(5960) and

other three values are obtained from the charm state sector by assuming the charm
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Table 4.6: Strong decay width of bottom meson B;(5970) with its spin and strange
partners B(2'Sy), By(2'S;) and B,(235;). Ratio in 5" column represents the I' =

I f _ I
——~——— for the non-strange mesons and I' = ——=——-— for the strange
r(BS) - B*tr-) & I(B;,—B*KT) &

mesons. Branching fraction (B.F) gives the percentage of the partial decay width
with respect to the total decay width. T represents the isospin violating processes.

State nLs;J¥  Decay channel Decay Width Ratio B.F % Compared value
(MeV) (MeV)
Bo(5881) 21550~ B*rt 1148.08¢% 5 1 66.48
B*r° 577.809%;  0.50  33.27
B*n 1.009% ;1 0.00  0.05
B:K - - -
Total 1726.899% 5 -
B;(5970)  235;1° B*rt 1178.23¢% 4 1 36.30
B*r® 591.95g%,;  0.50  18.23
B*n 122.223%,,,  0.10  3.76
B:K 69.94G% 7 0.06  2.15
BOr0 359.11g% 5 030  11.06
Btr~ 716.215%;  0.60  22.06
B 113.37g%,;  0.09  3.49
BsK 94.439% 1 0.08  2.90
Total 3245.499% ;1 82.30 Ref.[1]
B0(5976.0)  (2150)0~ B*K? 521.969%;  0.96  47.48
B*TK~ 539.419% 1 49.07
tBrn0 0.050% - -
Bin 7.850% 1 0.01  0.71
Total 1099.25G% 5 75.80 Ref.[4]
B:(6007.8) 23511~ BK? 342.71g% ;097  24.48
BTK~ 350.6673% 1 25.05
t B0 0.020% 5 - -
Bsn 58.299% 11 0.16  4.16
B*K?° 474.96g% ;  1.35  33.93
B**K~ 486.47g% 1.38  34.76
tBrr0 0.040% - -
Bin 36.98G% 1 0.10  2.64
Total 1399.45G% 5 114.0 Ref.[4]
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states to be in 250~ state.

From the listed decay channels mentioned in Table 4.6, B*~ 7 comes out to be
the dominant decay mode for B;(5970) and its spin partner B(2!S;) with branching
fraction 36.30% and 66.48% respectively.

Apart from the decay channels listed in table, we also find their partial decays
to 1P(07), 1P(2%), 1D(17) and 1D(37) states, but due to the small phase space,
these decay modes are suppressed and are not considered in this work. For their
strange partners, we observe B*t* K~ as the dominant decay mode for B¥ and Big
bottom states. Thus, this decay mode is suitable for the experimental search for
these missing radially excited strange bottom mesons B}, and Byy. Using the result
in Eq.(4.16), their total decay widths corresponding to the mass M (By) = 5881.00
MeV, M(B?) = 6007.80 MeV and M (By) = 5976.00 MeV [27,29, 33,37-39] are

obtained as

I'(By) = 38.85MeV (4.17)
I'(B:,) = 31.48MeV (4.18)
[(By) = 24.73MeV (4.19)

This shows that the strange partners follow the same pattern as the non-strange
bottom states. B}, state is seen to be broader as compared to its spin partner By.
From the other theoretically available values of gy, the upper most value is 0.40,
predicted from charm states [44]. The decay rates of these states obtained using
this higher coupling deviates a lot from results in Eqgs.(4.17-4.19). For example,
width of By changes to 254 MeV from 38 MeV. However, if we use the coupling
value gyy = 0.14 [30] obtained from bottom sector, it give decay widths as 33.84
MeV, 21.54 MeV, 27.42 MeV for states B(2'Sy), Bs(2'Sp), Bs(22S1), which deviates
by 12% from our results. If we look at the leading order terms of coupling constants,

it will remain same for both charm and bottom sectors. It may vary if we go for
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corrections upto 1/mg order. Coupling constant calculated from the experimental

charm information may vary the theoretically predicted bottom results.

4.3 Conclusion

In the present chapter, we have used the effective chiral lagrangian, and studied the
two body strong decay behavior of bottom mesons with the emission of light pseudo-
scalar mesons (7,7, K). In particular, we have identified the six possible spin parity
assignments for B;(5840) state, observed by LHCb in 2015 [13]. We have analyzed

the total decay widths and branching ratio (R;) % for all these six assignments

in Table 4.3 and concluded that, the most favorable J? value for B;(5840) state is
1D17, but the assignment 250~ cannot be fully ignored. The ratio R; has very dif-
ferent value for B;(5840) belonging to these two JP’s, so experimental measurement
of such ratio in the future will be very helpful in clearly identifying one of them to
be the most favorable J¥ for B;(5840).

We have also obtained coupling constants gxp, grm and gry governing the strong
decays of bottom states through the light pseudo-scalar mesons. These obtained
couplings allowed us to compute the strong decay widths of the experimentally miss-
ing bottom states B(2'Sy), Bs(22S1), Bs(2'Ss), B(1'Dy), Bs(13D;) and B,(1'Dy)
states. Along with this, we examine the recently observed bottom state B;(5721)
and Bj;(5747) and their strange partners B,;(5830) and B, (5840) for their J’s as
1P3/51" and 1P;527 respectively. Thus, these predictions have opened a window to
investigate the higher excitations of bottom mesons at the LHCb, D), CDF.

In this chapter, we have analyzed the 1P3/, 1D3/5 and 25; /5 bottom doublets, the
other higher excited bottom doublets 1D5/9, 1F5/9, 2512, 2P/ and 2P5/5 are dis-

cussed in the next chapter.
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Chapter 5

Masses and Strong Decays of
Bottom states B(2S), B(2P),
B(1D)5/, and B(1F )5/, Doublets

5.1 Introduction

From the previous two chapters, it is observed that, the heavy-light mesons (Qg)
which contain heavy quark @ and light anti-quark g have received considerable
experimental and theoretical attention due to the existence of heavy quark and
chiral symmetry. The study of heavy light mesons provide a better understand-
ing of non-perturbative quantum chromodynamics (QCD). Many new discoveries
have filled the charm and bottom meson spectroscopy. The ground state charm
mesons such as D(15), D(1P), Ds(15) and D,(1P) are well established and are
listed in particle data group [1]. New candidates for higher radial and orbital
excitations in the charm spectra include newly observed mesons like Dy(2560),
D3 (2680), D4(2740), D3(2760), D;(3000), D3(3000) and D%(3000) and strange
states Dg1(2860), Dy3(2860) and Dy(3040) [2-6]. The properties of these charm
states have been discussed in chapter 3 of this thesis.

Observing the bottom spectroscopy in chapter 4, it is realized that unlike the success
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in charm sector, experimental information on higher excited bottom states is scare.
Till now, only ground state bottom mesons for B(1S) and excited P-wave mesons
B(1P) with S; = 3/2 along with their strange partners are experimentally avail-
able [8-12]. Recently in 2015, LHCb has observed new bottom mesons, which have

diverted theorists interest towards the bottom sector. LHCDb collaboration studied

B*n~ and B%r~ mass distributions by analyzing the p-p collisions at center-of-
mass energies of 7 and 8 TeV and observed four bottom states By(5721), B3 (5747),
B;(5840)%% and B;(5960)%% [13]. The results for B;(5960)%" are reported as :
M =5969.20 + 2.9 + 5.1 MeV and decay width I' = 82.3 £ 7.7 £ 9.4 MeV. Also in
2013, the CDF collaboration studied the B%r™ and B*n~ mass distributions and
have observed neutral bottom state BY(5970) with mass M = 5978 + 5 + 12 MeV
and decay width T' = 70750 4+ 30 MeV [14]. Since, this resonance decays in Br final
state, this state is supposed to have a natural spin parity state. The properties of
B;(5970) state observed by CDF collaboration are consistent with B;(5960) state
observed by LHCb collaboration, so they are assumed to be the same state. The-
oretically, these states are studied by using various models like relativistic quark
model [15], effective Lagrangian approach [16], quark model [17] etc. Being the fact
that, B(5960) decays to B final states and its mass being close to the mass of 235
state given in Ref’s [18-20], this state is considered to belong to n=2, with J¥ =
1~ S-wave state in the bottom spectroscopy. B (5721) and Bj(5747) are observed
to belong to the bottom states B(1'P;(17)) and B(13P(27")) respectively. Beside
these recently observed states, the information on other higher orbital and radial
excited bottom states is still unknown. All these experimentally observed states
B1(5721), B;(5747), B15(5830), B;,(5840), B;(5840) and B;(5960) filling the J¥
states 1P5/5, 1D3/5 and 2H, /5 have been studied in chapter 4.

Now, to complete the bottom spectra, we aim on predicting the properties of ex-
perimentally missing higher excited bottom states B(1D)s5/2, B(1F)s5/2 and radially

excited B(2S), B(2P) states with their strange partners. This prediction will be
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useful for both finding and understanding these excited bottom mesons in future.
We will enlighten some of the properties like masses, strong decay widths, branching
ratios, branching fractions, strong coupling constants for these radial excited bot-
tom states. For this, we use HQET discussed in chapter 2, as our framework that
includes SU(2Ny) heavy quark spin-flavor symmetries.

In the heavy quark limit, we expect that the mass splittings between different dou-
blets and the partial decay widths are independent of heavy quark flavor [21]. The
flavor symmetry implies that the spin averaged mass splittings between the higher

states and the ground state i.e. Ar and the mass splittings between the spin part-

ners of the doublets i.e. Ap are flavor independent i.e. Ag) = A;f) and )\gf) = )\;f).
We apply this heavy quark symmetry on the experimental available data for n=1
and n=2 charm mesons to predict the properties of the corresponding bottom me-
son spectroscopy. We provide the mass spectra and strong decays for the bottom
sector that will not only help in identifying the recent observed experimental bot-
tom mesons, but will also help in validating the authenticity of the HQET model.
This chapter is organized as follows: Section 2 gives the brief review of the heavy
quark symmetry parameters and the possible QCD and 1/mg correction’s to them.
Section 3 represents the numerical analysis, where we have calculated the masses
based on the heavy quark symmetry and the corrections involved for the bottom
states B(25), B(2P), By(2S), Bs(2P), B(1D)s5/, and B(1F)5/,. Next, we use these
calculated masses as an application, to predict the strong decay widths in terms of

their couplings. Section 4 presents the conclusion of our work.

5.2 Masses of heavy-light mesons in HQET

In HQET, spin and parity of the heavy quark decouples from the light degrees of
freedom as they interact through the exchange of soft gluons only. As discussed
in chapter 2, HQET is developed by expanding the QCD lagrangian in power of

1/mg, in which heavy quark symmetry breaking terms are studied order by order.
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Applying finite heavy quark mass corrections, HQET lagrangian to order of 1/mg

18

D)’ — go., G |
(iD.) H, + 7,2 H, + 0(—).

L£=H,(iw.D)H,+ H,
(v ) + 2mg dmg mg

(5.1)

Where, D/ = D" — v#v.D is orthogonal to heavy quark velocity v, and G* =

T.GH = gis[D“,D”] is the gluon field strength tensor. In the limit mg — oo,

only first term Hy i.e. h(iv.D)h survives. The second term D? is arising from
the off shell residual momentum of the heavy quark in the non relativistic model

2
and it represents the heavy quark kinetic energy ;;—QQ [24]. This term breaks the

flavor symmetry because of the explicit dependence on mg, but does not break the
spin symmetry of the HQET. The third term in the above equation i.e. go,, G"”
represents the magnetic moment interaction coupling of the heavy quark spin to the
gluon field. This term breaks both the flavor and spin symmetry and is known as
chromo-magnetic term.

When the hadron state |H(@)) is applied at the leading order operator Hy of the
lagrangian in Eq.(5.1), hadron mass gets the contribution as

A==-(HQ | Hy | HD) (5.2)

N —

At 1/mg order, hadron masses gets additional contribution from the expectation
values of the higher terms of lagrangian 5.1. The matrix elements of the 1/m¢ order

are represented in terms of two non-perturbative parameters \; and A\, as

2\ = (HolQ(iD1)*Q|Hg) (5-3)
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Therefore, mass of heavy-light meson to the first order of 1/mg is given as :

— A Ao
My = A— 4 . . .
x =mg+ 2mQ + (SQ Sl)QmQ (5 5)

In this equation, —4(Sg.S;) is the Clebsch factor, having value -3 or 1 for J = 0 or
1 respectively for S; = 1/2 and having values -5 or 3 for J = 1 or 2 for S; = 3/2.
The parameter A is the energy of the light quark fields (i.e. brown muck), A
term represents the kinetic energy of the heavy quark Q and the term )\, gives the
chromomagnetic interaction energy [25-27]. Since value of kinetic energy of the
heavy quark is positive, the value of the parameter \; should be negative. A is the
HQET parameter whose value is same for all the particles in a spin-flavor multiplet.
A does not depend on the light quark flavor if there is SU(3) symmetry, but for the
breaking of this symmetry A is different for strange and non-strange heavy -light
mesons and is denoted by A, and Kmd respectively.
In the limit mg — oo, only the first term of the HQET lagrangian will have the
effect of interaction. Based on various fields defined in chapter 2, the kinetic terms

of the heavy meson doublets and of the ¥ field of light pseudo-scalar mesons are

as [21] :

2
L = iTr[Hy" Do Ha) + ?TT[@“EQ#ZT] + Tr[Sp(iv" Dypa — 0paAs)Sal

—I— TT’[Tba (iUHDuba — 6baAT)Taa] + TT[Ea(iUMDuba — 6baAX)Xaa]

+ TrV (10 Dosa — 000Dy ) Yaas) + T7( 20" (10" Dye — 610>2) Zaas]  (5.6)
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where the operator D is given as:

D= _5baau + vuba = _é‘baa'u + = (STa,ug + gaufT) (57)

The mass parameter Ar describes the mass splitting between the higher mass
doublets (F) and the ground state H field doublet. This mass parameter Ap (F =

S,T,X,Y,Z) can be written in terms of the spin average mass of these doublets as:

Ap=Mp—My, F=STX)Y,Z (5.8)
where

My = (3mig +mid) /4, (5.9)

Mg = (3m§§f) +mi) /4, (5.10)

My = (5mig) +3m{) /8 (5.11)

Mx = (5m{ +3m{) /8 (5.12)

My (7m - 5m )/12 (5.13)

My = (7m +5m% )/12 (5.14)

The mass degeneracy within the spin members of the doublets also breaks at the

1/mg corrections to the heavy quark limit. This correction is in the form of

]' TT el —Q
Lijmg = %{AHTT[HQU“”HQUW] + AsTr[Sq0" Seo | + ArTr(T o T o)}

FAXTr[X oM X0, ]} + AN Tr[Y e oY 80, )} + A Tr(Z2 o 2%%0,,)} (5.15)
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where Ay, AsAr, Ax, Ay and Az are the hyperfine splittings between the spin partners

in each doublet with

1
Me = L - a3, (5.10)
[y 2
As = g(Mplf — Mp.), (5.17)
3 2 2
Ax = (M2, — M2 5.19
v = (M, — M) (519
5 1 2
Ay = ﬂ(MP; — PQI) (5.20)
Y 2
Flavor symmetry implies
Al = AP (5.22)
A =AY (5.23)

i.e. Ap parameter which represents the splittings between higher and the ground
state doublets and parameter A\p which represents the hyperfine splittings between
spin partners, are same for both charm and bottom mesons.

This symmetry is broken by the higher order 1/mg terms in the HQET la-
grangian. The parameters Ar and A\r get modified by extra term dAp and d\g [25].

The hyperfine splitting term A\g which originates from the chromomagnetic in-

teraction is dominated by the QCD corrections and the 1/mg effect is neglected [26].
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QCD corrections change the A\r relation to

AL = x©(@lme) yo/25 (5.24)

For any doublet F, difference of the spin averaged masses at 1/mg order is

Mp—My=Ap — Ay — 2+ (5.25)
QmQ 2mQ
which modifies the parameter Ar by dAFR, i.e.
b c . 1 1
AY =AY L 5Ap,  with SAp = (N =\ )[ch - 2—mb]. (5.26)

In HQET, strange states possess the property that for a given state, strange quark
shifts the mass by the same amount for both fundamental mode n=1 and radially

excited mode n = 2, i.e.
Mp, — Mp = Mp, — Mp. (5.27)

Masses of the heavy hadrons can be used to calculate other properties like strong
decays, radiative decays, magnetic moments etc. Strong interactions are very im-
portant for the study of heavy hadrons containing one heavy and one light quark
in the non-perturbative regime. In the next section, we will use this heavy quark
symmetric parameters Ap and Ag to predict the masses and strong decay widths

for the bottom states B(1D)s5/2, B(1F)5/2, B(2S) and B(2P).
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5.3 Numerical Analysis

The masses, decay widths and J's for the experimentally available radial excited
charm mesons Dy(2560), D;(2680), D;(3000), D%(3000) have been analyzed with
various theoretical approaches [7,28-30]. In particular the predicted J* values for

(D;(2560), D%(2680)) are given as (07, 1*)% for n=2 and L=0 and J¥ for states
(D*(3000)), (D,(3000)) are given as (0T, 1+)% for n=2 and L=1.
In bottom sector, only one radially excited bottom state i.e. B;(5970), is exper-

imentally known, whose J! is associated with 1~ [16,35] for ET(ZS’) state. Other
radially excited bottom states (B(2S), B(2P), Bs(2S) and Bs(2P)) are still unavail-
able. In this section, we aim to predict the masses, decay widths, branching ratios
of these missing radially excited bottom states B(2S) and B(2P) in the framework
of HQET. To study the behavior of the heavy-light mesons for their spectroscopy,
masses are the most important property to be studied, so we start our calculations by
predicting the masses of these bottom meson states. To calculate these masses, we
use the flavor symmetry property of the heavy quarks )\g’,) = )\g,f) and Ag’) = A;f).
This flavor symmetry parameters are defined in terms of the spin averaged mass
splittings between the higher the ground state doublet, represented by Ap and \p
which is the mass splittings between the spin partners of the doublets. From the
LHCb data [2], mass splittings Ap and hyperfine splittings A for recently observed

2S and 2P charm mesons states comes out to be:

Al = 660.33 £ 3.8MeV, AV = (213.43 £ 3.9MeV)?
ALY =1009.44 + 6.12MeV, AEY = (164.72MeV £ 2.4)?

ALY = 1034.19 & 1.2MeV, A = (208.41MeV & 1.4)2

for the n=2 odd parity, low lying even parity and for the excited even parity cu

mesons. The charm mesons for n=2, P-wave with j = 3/2 are experimentally
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unavailable, so we have taken the theoretical masses for (151,153) having values

(2932.50, 3020.60)MeV [18,19,31,32,35]. In this, we have taken the SU(2) isospin
symmetry for the non-strange charm mesons, i.e. M(c) = M(cd). The small statis-

tical errors in Ap and A\p ( F = H,S, T) for the non-strange radial excited charm
mesons reflect the precision of the LHCD results [2].

Calculated bottom masses obtained using these symmetries are listed in the 274

row of Table 5.1. Here, mass of bottom state Ef for n=2 and J¥ = 1~ comes out to
be 5981.50 MeV, which is very close to experimentally observed mass 5978 MeV and
5969.20 MeV for bottom state B;(5970) observed by CDF and LHCb collaboration

respectively. Closeness in the experimentally observed mass for bottom state Ef and
the mass obtained by HQET shows the authenticity of this heavy quark symmetry.
Since the experimental information on radial excited bottom states is limited, the
authenticity of this symmetry cannot be completely justified just on the basis of one
experimental available bottom state.

Based on these limitations, we have also compared the predicted masses for
other n=2 bottom states with some of the theoretically available data. The masses
calculated using the heavy quark symmetry in our work are in agreement with the

masses obtained by the potential model in Ref. [35]. Masses of the non-strange
bottom field H deviate by 0.4 % and 0.5% when compared with the masses in

Ref. [35] for Eo and Ei‘ states respectively. Similar pattern is observed for P-wave
masses where the deviations are below 1%.

We have obtained a set of bottom spectra for n=2 using flavor symmetry which
upto a very good approximation matches with other theoretical data as discussed
above.

Now, we would like to look into the QCD and 1/mg corrections in the HQET
lagrangian. QQCD and 1/my corrections are applied to a scale of Agop/mg, where

they can be an important input to decide the level of breaking of symmetry. The
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corrections to Ap and A\p (where F = H, S, T) parameters are coming in the form
of
A = A95x AD =AY 4 5A, (5.28)

where §(A\p) = (220m)9/25 and §Ap = (AF — M1)[ =

as(me) 2me 2my,

The \r parameter originates from the chromomagnetic interaction, thus only QCD
corrections are dominated and 1/myg effect is small. For applying the QCD correc-
tions to the spin hyperfine splitting relation Ap, the values of the parameter o (my,)
and ag(m.) are taken as 0.22 and 0.36 [26]. The leading QCD correction to the Ap

relation comes out to be

S(Ap) = (2:lme)y9/25 — ) 83,

as(me)

We then obtain:

A% = (194.44 £ 3.9)*MeV?, (5.29)
AL = (150.06 + 2.19)*MeV?, (5.30)
Ny = (189.87 + 1.27)°MeV? (5.31)

Table 5.1: Predicted values of the radially excited non-strange 2S and 2P bottom
meson states. All the masses are in MeV units.

0-(21Sy) 17(2351) 07 (2°P) 17(2tP) 17(2°P) 27(2°P)

Without corrections 5950.96  5981.50  6335.83  6318.67  6336.30  6354.56
Corrections inAp 5954.68  5980.26  6333.74  6319.37  6338.16  6353.45
Corrections in Ap 5928+13  5959+13  6291+37 6274+£37 63069  6324£9

Correction in both — co00 113 5057113 6280437 6274437 630840 632349
parameters Ap and Ap

Ref. [31] 5985 6019 6264 6278 6296 6292
Ref. [19] 5976 5992 6318 6321 6345 6359
Ref. [35] 6003 6029 6367 6375 6387 6382

The calculated bottom meson masses inherited with this QCD correction are

tabulated in the 3¢ row of the Table 5.1. The results obtained with this correction
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are deviating by 1 or 2 MeV except for the Eik state, where the deviation is of
4 MeV value. The experimental mass 5978 MeV observed by CDF collaboration
for bottom state B;(5970) is now deviating by 2 MeV from the mass obtained by
applying the QCD correction to the A\p. Thus the gap between experimental and
theoretical HQET mass has been reduced when the correction has been introduced.
While studying this correction, we realize that these kind of correction for n=2
bottom mesons are showing similar pattern of behavior but with a reduced effect,
when compared with results for n=1 bottom states. Specifically in Ref. [33], most of
the bottom masses are deviating from their values by at 6-7 MeV. This is something
we expect when we study the properties of the heavier mesons for higher excited

states.

Now, in the next section, we will study the effect of QCD and 1/m corrections

to other heavy flavor symmetry in the form of dAp, where F' = H , S , T. This
kind of analysis is already performed for n=1 states in Ref. [25], where the value of
Az ~ O(-35) MeV

Since the experimental information on the radial excited bottom state masses is
unavailable, so we cannot predict the exact value for these corrections dAr for n=2.
However, by using the available theoretical masses for these radial excited charm
and bottom states, we have estimated a range to this correction A for n=2, that

modifies A as:

A% = 638.58 £ 13.75MeV, (5.32)
A% =965.09 + 37.15MeV, (5.33)
A% = 1004.56 £ 9.2MeV, (5.34)

Masses obtained by this correction are tabulated in 4* row of Table 5.1. The Table

shows that the correction dAr to A%b) = A;f) results in proportionate reduction in

the bottom masses.
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Masses tabulated in 5" row of Table 5.1 are calculated by applying corrections to
both the parameters i.e.0\r and d A simultaneously. Since the effect of corrections
to A is small; so the resultant masses are close to the masses obtained by applying
corrections to the Ap parameter.

In the strange sector, the experimentally known radially excited charm mesons
are D,;(2700) and D,;(3040) [5,6]. The J* for these states are theoretically [36-39]

given as (17)1 (n=2, L=0) for D,,;(2700) and (17). (n=2, L=1)for D,,(3040) state.

[NIE

1
2
The other strange 2S and 2P charm and bottom mesons are still unknown. Here,
we have predicted the unavailable 25 and 2P charm masses using Eq.(5.27). The
obtained strange charm masses are listed in Table 5.2 and are matched with other

theoretical data.

Table 5.2: Predicted values of the radially excited strange 2S and 2P charm meson
states. All the masses are in MeV units.

JPm?>TIL;) [ Our [ Ref. [35] | Ref. [19] | Ref. [34]
0~ (21Sy) | 2682.96 | 2680 2688 2673
17(2391) | 2754.63 | 2719 2731 2732
0F(23P) | 3007.80 | 3022 3054 3005
1F(2tP) | 3009.90 | 3081 3154 3018
17(23P) | 3089.61 | 3092 3067 3038
2T (23Py) | 3127.71 | 3109 3142 3048

In the same way, strange bottom masses are calculated and are reported in
Table 5.3. The 2" row of the table gives the masses without any correction and
the masses listed in row 3" and 4" include the corrections to the A\p and to Ag
relation respectively. This is followed by the masses in 5" row which gives the masses
obtained by using corrections to both the \r and Ap relations simultaneously. In
general, QCD correction to Ag relation changes the bottom masses by few MeV.
Correction to Ap relation results in deviating the mass of S-wave bottom states by
0.22% . And the masses for P-wave get deviated by 0.77% and 0.58% respectively
for S, =1/2% and S; = 3/2".
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Table 5.3: Predicted values of the radially excited strange 2S and 2P bottom meson
states. All the masses are in MeV units.

0-(21S,) 1 (2%8) 07(PR) 172'R) 17(2°P) 27 (2°Ry)

Without corrections 6039.67 6071.85 6335.72 6336.72 6429.02 6447.41
Corrections inAg 6043 6070.54 6335.84 6336.68 6430.89  6446.29
Corrections in Ap 6025+6 6058+6 6286+E8 6287+8 6391+20 6410+20

Correction inboth g0 1 ¢ 605646 628648 628748 6393420 6409420
parameters \p and Ap

Ref. [31] 5886 9920 6163 6175 6194 6188
Ref. [19] 5890 5906 6221 6209 6281 6260
Ref. [35] 5926 5947 6297 6295 6311 6299

Now we study the various other properties of bottom mesons like strong decay
widths, branching ratios, strong coupling constants. We apply the effective La-
grangian approach to calculate the OZI allowed two body strong decay widths and
the various branching ratios involved with the bottom states B(2S), B(2P), Bs(25)
and Bs(2P). The numerical value of the partial and total decay widths of 2S and
2P family obtained using Egs.(2.51-2.53)are collected in Table 5.4, 5.5, 5.6, where
Table 5.4 and 5.5 are for the n=2, S and P wave bottom meson with S; = 1/2, and
the Table 5.6 is for the other P wave bottom meson states having S; = 3/2. As
followed in the previous chapter, strange bottom states decaying to decay modes
represented by 71”7 in Tables 5.4, 5.5, 5.6, 5.8 are the isospin violating processes, so
the final products are multiplied by suppression factor €2 [41].

For the radially ground state S-wave bottom states, Table 5.4 reveals B*r~ mode
to be the dominant decay mode both for Ei‘ and EO bottom states with branching
fraction of 37.97% and 64.16% respectively. And for their strange partners, B** K~
is seen to be the leading decay mode with branching fraction 27.39% and 47.31% for
E:I and By state respectively. Hence the decay modes B*r~ and B*t K~ are suit-
able for the experimental search of the missing non-strange and strange 2S bottom
meson states. Total decay width for bottom state Ei‘ is 64.32 MeV, which matches

with its experimental value of 70 MeV [14](observed by CDF Collaboration), where
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Table 5.4: Strong decay width of non-strange and strange n=2 S-wave bottom
mesons B(239)), B(2'Sy), Bs(23S;) and B,(21Sp). Ratio in 5 column represents

- _r - - r
the I' = T g r— for the non-strange mesons and I N, BOR) for the

strange mesons. Fraction gives the percentage of the partial decay width with respect
to the total decay width. T represents the isospin violating processes.

State nLs;J" Decay channel | Decay Width(MeV) | Ratio | Fraction
B;(5981.50) 257917 B*nT 1246.27@]%1,H 1 37.97
B*r 626.01@]%1,H 0.50 19.07
B*n 37.18@%H 0.02 1.13
BIK 96.36@?{}1 0.07 2.93
BO7r0 377.5427}2111 0.30 11.50
Btn— 753.14@%,H 0.60 22.94
B 32.41@%}[ 0.02 0.98
B, K 11272@%{}1 0.09 3.43
Total 3281.67?]]%1H
By (5950.96) 251/20” B*rt 1629.05@%11 1 64.16
B*r0 818.67@%11 0.50 32.24
B*n 33.15@%}[ 0.02 1.30
BIK 57.78@%}1 0.03 2.27
Total 2538.675%H
BZ,(6071.85) 25517217 BYK?O 520.79@%11 0.65 17.84
BTK~ 529.94@]%1,H 0.66 18.15
t B9 O.O3§%H - -
Bgn 134.705%,H 0.16 4.61
B*K0 784.86@}25,H 0.98 26.88
B*"K~ 799-7251%{1{ 1 27.39
TB;*WO 0.065?{]{ - -
Bin 148.94@%,H 0.18 5.10
Total 2918.98@%,,
Bi(6039.67) 2541720~ B*YK?° 924.75’g‘%,H 0.97 46.27
B*"K~ 945.50@%11 1 47.31
TB;*WO O.O8§%H - -
Bin 128.26@%,H 0.13 6.41
Total 1998.52@%1{
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strong coupling constant ggp is used as 0.14 [23]. This coupling for the other S-

wave bottom states gives decay width I'(B,) = 49.48 MeV, F(E;l) = 57.21 MeV

and I'(Byy) = 39.17 MeV.

Similarly, for n=2 low lying P-wave bottom states(0", 11), Table 5.5 shows that the

dominant decay modes for bottom state E{'j and E’l are BTn~ and B*"n~ respec-

tively. These decay modes contribute 42.15% and 42.83% to the total decay widths

of B and B| state. And for the strange states BY, and B, B~KT and B*~ K+

decay modes emerge as the prominent modes for their experimental exploration in

future. Using the coupling constant gsy = 0.12, the total decay width for these S;
= 1/2 P-wave bottom states are obtained as: F(ES) = 242.70 MeV, T'(B)) = 203.46

MeV, T'(B%,) = 235.97 MeV and T'(B.,) = 207.80 MeV.
Apart from the mentioned partial decay widths, these bottom states also decays
to D-wave bottom mesons. But these decays are suppressed in our calculations

because of their small contribution.

Lastly, for the other P-wave bottom states having S; = 3/2, Table 5.6 points

B*rt and B*K~ decay modes to be the best suitable for the study of the miss-

ing non-strange states (By, B}) and strange states (B, B,) respectively. While
observing the total decay width values from Table, we notice that lower values of
coupling constant gry will give realistic decay width value for these states. Assum-
ing that the coupling constant gsy and gry will not vary much for higher excited

states, total decay width corresponding to the coupling constant gry = 0.12 value
are obtained as T'(B;) = 188.69 MeV, I'(B3) = 226.39 MeV, I'(B,1) = 208.22 MeV
and ['(B,) = 252.80 MeV.Thus the states B; and B?, are observed to be broader

states as compared to their spin partner states El and Esl respectively. Here, we
need to emphasize that the estimated total width of these states does not include
the contribution from the decays to n=1 D-wave bottom mesons since the phase

space is very small for these decay states.
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Table 5.5: Strong decay width of non-strange and strange n=2 P-wave with S; =

1/2 bottom mesons B(23P,), B(2'P,), Bs(23P,) and B,(2'P,). Ratio in 5 column
T _ r T _ r
represents the I' = Ty m— for the non-strange mesons and I' = (BF, SBRT)

for the strange mesons. Fraction gives the percentage of the partial decay width
with respect to the total decay width. T represents the isospin violating processes.

State nLs;JY | Decay channel | Decay Width(MeV) | Ratio | Fraction
B;(6335.83) | 2Py 50" Bt 7087.6032, 1 | 4215
Bor0 3542.06§ng 0.49 21.06
B 1063.9152., 0.15 | 6.32
B.K 5118.492 0.72 | 30.44
Total 16812.1062,
B (6318.67) | 2Py ;p1* Bt 6052.7292 1 42.83
B*r0 3027.69%}1 0.50 21.42
By 800.8332.,; 0.14 | 6.30
B:K 4158.1532 0.68 | 29.42
Total 14129.402}%H
B%,(6335.72) | 2P, 507 B 02832 - -
Byn 3308.9052.,, 0.50 | 20.19
B*TK° 6530.27g% 0.99 39.85
B K+ 6547.1352 1 | 39.95
Total 16386.832}%11
B.1(6336.72) | 2P 1% B0 0.24G2 - -
B 2834.342, 048 | 19.64
B K" 5792.745% 0.99 | 40.14
B~ K+ 5803.6152 1 40.21
Total 14430.70:6112@[{
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These 2S and 2P wave bottom mesons can also decay to n=1 P-wave bottom

mesons, but we have not considered them in our present work because of the small

value of the coupling gus, gur, gss, gsr, grs and grr.

Now to have overall idea of bottom spectra, we have not only studied n = 2

bottom states, but have also analyzed the masses and strong decay rates of bottom

states B(1D)s/o and B(1F);5/5. To calculate the masses for B(1D)s/s states, we

have used charm state D9(2740), D3(2760), Ds2(2822) and D?;(2860) discussed in

chapter 3 with masses as:

M (D5(2740)) = 2737.00 MeV
M (D3(2760)) = 2775.50 MeV
M(D5(2822)) = 2822.00 MeV

M (D?%(2860)) = 2860.50 MeV

(5.35)
(5.36)
(5.37)

(5.38)

Using the flavor symmetry property of the heavy quarks )\gf) = /\;f) and Aﬁi’) =

A;f) for Y field states, obtained B(1D)s5/2 bottom masses are listed in Table 5.7.
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Table 5.6: Strong decay width of non-strange and strange n=2 P-wave with 5; =
3/2 bottom mesons B(2'P,), B(23P,), B,(2'P;) and B,(23P,). Ratio in 5" column

r r
represents the I' = ———+——— for the non-strange mesons and I' = ———=05-~
P r(B) = Brtr—) & T(B*,—~B*0KT)

for the strange mesons. Fraction gives the percentage of the partial decay width
with respect to the total decay width. T represents the isospin violating processes.

State nLs;J" | Decay channel | Decay Width(MeV) | Ratio | Fraction
B1(6336.30) | 2P5/1" B*rt 7021.89¢7.;; 1 53.98
B*r? 3522.089% 0.50 26.87
B*n 512.74G%. 0.07 3.91
B,K 2046.7432, 0.29 | 15.61
Total 13103.509%
B3(6354.56) | 2P3,2" Bt 4571.902., 1 29.08
B 9292.95¢2.,; 050 | 14.58
B*n 345.57g% 0.07 2.19
B'K 1392.05¢2; 0.30 | 8.85
BOro 1849.5252 0.40 | 11.76
Btn- 3694.1752 0.80 | 23.49
BY% 300.8632 5, 0.06 | 191
B,K 1274.6852., 0.27 | 8.10
Total 15721.7092.;
B1(6429.02) | 2P;301" B0 0.35g% - -
B K 6149.6352; 0.98 | 34.07
B~ K+ 6212.0132,, 1| 3441
Bin 2098.439% 0.33 11.62
Total 18047.9052 5
"B, (6447.41) | 2Py 027 B0 0232, - -
B KO 40530352, 0.99 | 23.08
B K+ 4092.492.,, 1 23.31
By 1414.9352,, 0.34 | 8.05
BYK- 3387.5632; 0.82 | 19.29
B°K° 3352.349% 0.81 19.09
Bym® 0.19§%g - -
Ban 12554352, 030 | 7.15
Total 17555. 7652
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The comparison of predicted masses with other theoretical data shows, the
strange masses in present work are in agreement with the masses obtained by the
potential model in Ref. [35]. Strange masses for bottom states B, and B, deviates
only by 0.04% from the masses in Ref. [35]. Masses for the non-strange bottom B,
deviate by 0.19%, 0.43% and 1.7% when compared with the masses in Ref. [19],
Ref. [35] and Ref. [31] respectively. A similar pattern is observed for non-strange
bottom state Bj mass, where deviations are 0.27%, 0.37% and 1.8% with the masses
in Ref. [19], Ref. [35] and Ref. [31] respectively.

Similarly, bottom states (2*,3%) for the 1F;/, doublet have been studied in [43].
The calculated masses M(Bj) = 6518.29 MeV, M(B;) = 6462.36MeV, M(B;,) =
6550.45 MeV and M (Bss) =6556.06 MeV are again in good agreement with the mass
predictions made in Ref. [19] and Ref. [31]. Masses calculated using heavy quark
symmetry scheme are only 1.63% and 3.80% deviating from the results in Ref. [19]
and Ref. [31] respectively.

We apply these calculated masses, to study the other properties like strong decay
widths, branching ratios for 1D5,, bottom states. The numerical value of the partial
and total decay rates for bottom state 1Dj5/, obtained using Eq.(2.55) are tabulated
in Table 5.8. Table shows, B**7~ and B*7~ appears as the dominant decay modes
for bottom state B, and Bj. These decay modes contribute 62.61% and 31.73% to

the total decay widths of B, and B state. And for the strange states B,, and Bi,,

Table 5.7: Predicted masses for the non-strange and strange bottom state doublet
(27,37 )5/2. All masses are in the units of MeV.

JEm* T L;) | Our | Ref. [31] | Ref. [19] | Ref. [35]
27(1'Dy) 6091.40 5985 6103 6065
37(13Ds) 6108.79 5993 6091 6085
27(1'Dys) | 6160.89 6095 6189 6157
37(1°Dss) | 6178.62 6103 6191 6172
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B*K™* and BT K~ decay modes emerge as the prominent modes for their experimen-
tal exploration in future. Using the coupling constant gy y = 0.61 [7], the total decay
width for these S; = 5/2 D-wave bottom states are obtained as: I'(B,) = 227.98
MeV, T'(B:) = 325.38 MeV, I'(B,,) = 184.18 MeV and I'(B;) = 282.77 MeV.
The suppression factor €* reduces the decay width values for 1Ds/5 stranged bot-
tom states to I'(B,,) = 124.03 MeV and T'(B%) = 196.97 MeV. Apart from the
mentioned partial decay widths, these bottom states also decays to P-wave bottom

mesons. But these decays are not included in our calculations because of their small

contribution.

Similarly OZI allowed two body strong decays for the 1F5/, bottom doublet have
also been calculated in Ref. [43]. Using the coupling value gz = 0.15 [7] obtained
from the charm state D3(3000), the decay rates for bottom states 1F(2%,3%) comes
out as I'(B5) = 363.81 MeV, I'(Bs) = 135.42 MeV. State Bj appears to be broader

as compared to its spin partner Bs.
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Table 5.8: Strong decay width of non-strange and strange n=1 D-wave with S; = 5/2
bottom mesons B(1'Ds,), B(13Ds), Bs(1'Ds) and B,(13D3). Ratio in 5 column

represents the ' = — L for the non-strange mesons and I' = ==
P I(B)»B*+r-) & T(BF,—>BKT)

for the strange mesons. Fraction gives the percentage of the partial decay width
with respect to the total decay width. T Decay widths for stranged bottom mesons
are calculated without considering the effect of suppression factor [41] occurring through
mixing of 7¥ and 7.

State nLs;J¥ | Decay channel | Decay Width | Ratio | Fraction | Compared Value
(MeV) (MeV)
B3(6091.40) | 1Dg92~ B*rt 383.669% 5 1 62.61
B*r0 193.33g%, | 0.50 | 31.55
B*n 23.319% 0.06 3.80
B.K 12.38¢% ;1 0.03 2.02
Total 612.699% 213.40 [42]
B3(6108.79) | 1Ds5/23~ B*rt 254.774% 11 1 29.13
B*r0 128.34¢%, | 0.50 14.67
B*n 18.02¢% 5 0.07 2.06
B:K 10.19¢% 0.03 1.16
BOr0 139.48¢%,, | 0.54 15.95
Bfn~ 277843 | 1.09 | 31.73
B% 27.22¢% 0.10 3.11
B.K 18.564% 1 0.07 2.12
Total 874.45g% 11 31.08 [42]
B, (6160.89) | 1Dg5/22~ B0 161.7492; | 0.96 | 32.66
B*tK° 162.209%, | 0.97 | 32.76
B*~K* 167.18¢% 1 33.76
Bin 3.95¢% . 0.02 0.79
Total 495.09¢% 194 [42]
B3,(6178.62) | 1Dg5/23~ B0 108.22¢93%,, | 0.91 14.24
B**tK° 114.38¢%, | 0.97 15.09
B*~ K+ 117.98¢% 1 15.52
Bin 3.169% 0.02 0.41
BTK~ 146.109% ,, | 1.23 19.22
BK° 142.09¢9% , | 1.20 18.69
Bym® 122.37¢g%, | 1.03 16.10
B 5.329% 5 0.04 0.70
Total 759.959% 1 134.05 [42]
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5.4 Conclusion

With so many newly available charm states, the data for the higher excited bottom
states is limited as compared to the charm sector. In this work, we focus on predict-
ing the masses and the strong decay widths of the experimentally missing radially

excited bottom states B(2S), B(2P), Bs(2S), Bs(2P), B(1D)s/2 and B(1F )5/, using

heavy quark effective theory.

e We apply the heavy quark symmetry property to the experimentally available

radially excited charm mesons observed by LHCb and evaluate the similar

spectra for the bottom sector. The predicted mass of bottom state ET in
our work is only 0.33% deviating from the experimental measured mass of

B;(5970) state. The Closeness in the experimentally observed mass for bot-

tom state Ei‘ and the mass obtained in our work shows the authenticity of this

heavy quark symmetry.

e These masses are then studied by taking the QCD and 1/mg corrections in the
form of Ar and d\rp. Masses obtained using these corrections are tabulated
in Table 5.1. While studying these correction, we realize that d\p shifts the

bottom masses at most by 0.06% and has reduced the existing gap between

the experimental and the observed mass of Ef state. While the correction

0AF results in proportionate reduction in the bottom masses by the amount

of |5AF|

e Evaluating the strange bottom masses in the similar manner, we discover that
calculated masses are in good agreement with maximum 2.5% deviation from
the other theoretical stranged bottom masses. Corrections results in deviat-
ing the S-wave masses by 0.22%. And the masses for P-wave get deviated

by 0.77% and 0.58% respectively for S; = 1/2% and S; = 3/2%. The calcu-
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lated strange bottom masses in this work for n=2 are ~ 90 MeV higher than
the masses of the non-strange bottom masses except for the low lying S-wave
states. These kinds of corrections for n=2 bottom mesons are showing similar
pattern of behavior but with a reduced effect, when compared with results for
n=1 bottom states. This is something we expect when we study the properties

of the heavier mesons for higher excited states.

e With these obtained masses, we further calculated the strong decay widths of
these bottom states, which are collected in Table 5.4,5.5,5.6. The predicted
decay widths are in the terms of strong coupling constants gy gsy and grp.
To avoid these unknown couplings, we have also computed the branching ra-

tios and fractions for the possible OZI allowed decay channels.

e While analysing the decay widths in the Table 5.4,5.5,5.6, we observe B*m~

(BT K~) mode to be the dominant decay mode both for B} (E;kl) and By (By)

bottom states. Similarly, for the low lying P=wave bottom mesons ES and é;,
BTr~ and Bt 1~ emerge as the dominant decay modes with contribution
of 42.15% and 42.83% to their total decay widths. For their strange partners,
B~K* and B*K* comes as prominent decay channels for E;‘O and §;1 states
respectively. Lastly, for the excited P-wave bottom mesons, B*r* and B*K~
are seen to be the best suitable decay modes for the study of the missing non-
strange states (By, B}) and strange states (B, B,) respectively. With the
obtained decay widths, we have further checked their sensitivity to the QCD
and 1/mg corrected masses. It is found that these corrections shift the decay

width values at most by 30 MeV (~ 12%).

Finally, to complete the bottom spectra, we have predicted the masses and the
strong decay widths of the experimentally not yet observed n=1 D and F-wave

states (27,37), (2%,3") and n=2 S and P-wave bottom states (0~,17), (0%,17)
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SECTION 5.4: CONCLUSION

and (1%,27). These predicted bottom states has opened a window to investigate
the higher excitations of bottom mesons and can be confronted with the future

experimental data at the LHCb, D@, CDF, Belle II, BES III..
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Chapter 6
Summary and Future Outlook

With the discovery of heavier hadrons, either baryons or mesons, the excitation spec-
trum of heavy-light mesons have received considerable theoretical and experimental
attention. Upcoming experimental information provide opportunities to study the
low energy properties of these hadrons with various phenomenological models.

The work of the present thesis concerns two different aspects. One is to develop
a formalism for studying the strong interactions of the heavy-light mesons with the
pseudoscalar mesons for their decays, masses and couplings. Second is the analysis
of all the experimentally known strange and non strange excited states of bottom
and charm states for calculating the other unknown higher radially excited states
for their masses, decays and splittings.
The framework of ”Heavy Quark Effective Theory (HQET)” involves the approxima-
tions of theory at two different scale that incorporates the heavy quark symmetries
and the chiral symmetries. In HQET, a (g meson is approximated as a bound state
of a heavy quark and other light degrees of freedom. HQET gives a precise method
of limiting the heavy quark mass to infinity. In the mg — oo, gluon exchange be-
tween the heavy quark and the light degree of freedom is independent of the mass
and spin of heavy quark, resulting in SU(2Ny) flavor and spin symmetry. For light
degrees of freedom, heavy quark seems like a static color source, which is similar

to the hydrogen atom system. So hadron properties are mainly retrieved from the
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nature of light degrees of freedom. This SU(2Ny) symmetry plays a crucial role in
understanding the properties of heavy hadrons.

For studying the heavy hadrons, HQET is more appropriate than any other avail-
able theories because the mass and the spin degeneracy of heavy hadrons appears
to be the approximate internal symmetry of the effective Lagrangian. Besides the
fact that HQET contains many unknown parameters, it is still being successfully
applied in conjugation with the chiral perturbation theory to study the strong inter-
actions of heavy hadrons. Heavy quark symmetry helps in reducing the parameters
by imposing constraints on these constants. In this thesis, the D and B heavy-light
mesons containing ¢ and b as heavy quarks are focused for analyzing various low
energy properties like decays, branching ratios, coupling constants and masses.
Motivated from the experimental success in the heavy-light meson sector, we an-
alyzed all the experimentally available charm states. In specific, we examined
charm mesons like D%(2460), D;(2560), D%(2680), D,(2740), D%(2760), D ;(3000),
D%(3000), Ds;(3040), D% (2710), D% (2860), D%;(2860) observed at BaBar, LHCb,
CDF etc as our candidates for HQET analysis. In the recent decade, enormous
experimental data have been received in heavy charm and bottom meson sector.
Therefore, much refined theoretical approaches are required to understand the spec-
trum of these heavy-light quark dynamics within the meson through fundamental
interactions.

Notating a particular J? value to the charm mesons are very crucial in deciding
a specific place in the spectroscopy. As we move towards higher energy levels, the
splittings between the higher states become smaller than those of the lower states, so
various possibilities of orbital or radial assignments arises for a single state. Hence,
assigning a proper position to the newly observed excited states is very important,
as various other properties like decay widths, splittings, coupling constants, branch-
ing ratios etc, are dependent on their J* values.

To achieve our objectives, we have examined the experimentally available non-

strange charm states D%(2460), D ;(2560), D%(2680), D;(2740), D*%(2760), D ;(3000)
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and D% (3000) using hqet formulism and assigned their J*’s as LPs 21 25,07, 25:17,
ng 2-, 1Dg 37, QP% 1" and QP% 0" respectively by studying their various properties
like masses, branching ratios, decay widths, parity.

On the similar pattern, we have reviewed the strong decay widths, branching ra-
tios for the available stranged charm states Dy;(3040), D% (2710) and D?;(2860)

and specify their J?’s as 2P%1+7 25%1_ and 1Dg 3~ respectively. In our analysis,

the mismatch of the theoretical and experimental values for branching ratio R =

Br(D?,(2860)—D*K)
- for
Br(D*,(2860)>DK)

strange charm state D?;(2860) is justified by an assumption
that, instead of D (2860) belonging to a pure state 1D% 17, it is a mixture of 1D% 1~
and 25 1 17. The associated analysis and corresponding decays widths calculations

are presented in chapter 3.

In addition to these above charm states, we have analyzed Dj(3000) state which

was recently observed at LHCb in 2015 and have also assigned a suitable J* to it.

By studying its branching ratio BR= FF((DD;;(?%OOO(S;DD:S), we concluded D3(3000) to be

best belonging to 12" position in the charm spectra.

By comparing the experimental decay widths of the above mentioned charm states
for their assigned J¥’s, we have fixed various effective strong coupling constants
as grg = 0.40 £ 0.01, gxyg = 0.12 4+ 0.01, gz = 0.15 £ 0.02, ggg = 0.31 £0.05
and gsy = 0.15 £ 0.01. Using these couplings, we have calculated the strong de-
cay widths of experimentally missing charm states D(1'F3), Dg(1'F3), Dg(13Fy),
Dg(2'Sy), Ds(23Py) and Dg(1'D,) and found them to be 55.40 MeV, 120.66 MeV,
178.79 MeV, 68.19 MeV, 225.94 MeV and 35.30 MeV respectively.

The symmetries like D}, ; — Dy q = D — D, suggests that, the hyperfine splittings
between the spin partners within the same doublet are same for both strange and
non-strange charm states. Using these symmetries, we have also calculated the

masses for unknown charm states 2.5 %0*, QP% 0" and 1D32* and their associated
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decay widths. Masses obtained with this symmetry are showing deviations up to
the order of 3.86% when compared to other theoretical approaches. This analysis
have helped in understanding the charm spectra for 25,5,2P /2, 1D3/2,1D5/, and
1F5,; states.

In the bottom sector also, many new higher excited bottom states are observed by
LHCb, CDF, D@ in 2013, 2014 and 2015. So, it become crucial to reanalyze the
fundamental parameters of HQET in the bottom sector also. Chapter 4 involves
the similar study for the available bottom states B;(5721), B;(5747), Bs1(5830),
B3 (5840), B;(5840) and B;(5970). By using the experimental masses and strong
decay widths, we have specified that B;(5721) and B3 (5747) along with their strange
partners By (5830) and B3, (5840) belong to J7’s 1Py »1" and 1Ps/52% respectively.
The bottom state B;(5970) is seen by CDF and LHCb collaboration in 2009 and
2015 respectively, concluding it to be the member of radially excited S-wave doublet
with J¥ 281~.

In this chapter, we have assigned a relevant position to the recently observed bottom

state B;(5840) that was seen in 2015 by LHCb. As LHCb observed this state in the

I'(B,(5840)— Br)
T'(B,(5840)—B*)’

B%7* decay mode, so by analyzing its branching ratio BR = R, =

we concluded 1D1~ to be best possible J? for this state. However, the broad decay
width for this state belonging to 250~ can not be fully ignored. So we hope in
future, experimental information about the decay modes for B;(5840) broaden up,
to clearly identify the exact J¥ for this state.

By comparing the experimental strong decay widths for these above mentioned
higher excited bottom states, coupling constants are calculated to be gxg =
0.4140.02, grg = 0.50+0.01, g7y = 0.37£0.01 and gy = 0.15+£0.01. Two values of
gru correspond to data obtained from bottom states By (5721) and B3 (5747). These
obtained couplings allowed us to compute the strong decay widths of the experimen-
tally missing bottom states B(2'Sy), Bs(2351), Bs(2'Sy), B(1'D,), B,(13D;) and

By(1'D,). The calculated decay width 241.33 MeV for B(1'Ds) is in same range
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as predicted by Q.-F. Lu with 3.87 % deviation. For its strange partners, total
decay widths are calculated as ['(B%) = 522.09 MeV and I'(Bs) = 318.62 MeV.
We concluded B}, to be the broader state as compared to its spin partner By,. For
the radially excited bottom states 2S, decay rates are predicted as ['(By) = 38.85
MeV, I'(BY) = 37.41 MeV and I'(By) = 48.56 MeV. Predicted rates shows that,
the strange partners follow the same pattern as the non-strange bottom states i.e.
B, state is seen to be broader as compared to its spin partner By.

To complete the understanding of bottom spectra, we have also predicted the masses
and strong decay rates for experimentally missing 25, 2P, 1D5/, and 1F5/ bottom
states in chapter 5. The heavy quark symmetry implies that the spin averaged mass
splittings between the higher states and the ground state i.e. A, and the mass split-
tings between the spin members of the same doublet i.e. A\p are flavor independent
ie. Ag’) = A;f) and )\%b) = )\;f). We have applied this symmetry on the experimen-
tally available data for n=1 and n=2 charm mesons to predict the masses and decay

widths of the corresponding bottom mesons. We have also analyzed these bottom
masses by applying the QCD and 1/my corrections to the leading order lagrangian
that leads to the modification of flavor symmetry parameters as Agf) = A;f) +0AFp
and AY = A5,

The mass for the radially excited n=2 S-wave bottom state Ef is calculated as
5981.50 MeV, which is very close to its experimentally observed mass 5978 MeV
and 5969.20 MeV for bottom state B;(5970) predicted by CDF and LHCb collabo-
ration respectively. Results for other excited states are also in agreement with the
available masses in literature. The bottom meson masses calculated by inheriting
QCD corrections show deviations from initial masses by 1 or 2 MeV except for the
Ei‘ state, where the deviation is of 4 MeV. The other 1/m¢ correction in A parame-

ter 0Ar has resulted in proportionate reduction in the bottom masses. The effect of

corrections to Ar is small, so the resultant masses are close to the masses obtained
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by applying corrections to the Ar parameter. Correction to Ap relation results
in deviating the mass of n=2 S-wave bottom states by 0.22% . And the masses

for n=2 P-wave get deviated by 0.77% and 0.58% respectively for s; = 1/2% and
s; = 3/27. D-wave bottom states for n=1 (B,, B) and (B,,, B%,) are comparable
with available theoretical masses varying only by 1.8% and 0.04% respectively.

While analyzing the decay widths for radially excited n=2 S-wave, we have con-
cluded B*r~ (B*K~) mode to be the dominant decay mode both for B (B%) and

EO (Eso) bottom states. Similarly, for the low lying P=wave bottom mesons ES

and E;, BTr~ and B *t 1~ emerge as the dominant decay modes with contribu-
tion of 42.15% and 42.83% to their total decay widths. For the excited P-wave

bottom mesons, decay modes B*n* and B*K ™~ are seen to be best suitable for the

experimental search of non-strange states (B, B;) and strange states (Byy, BY,) re-
spectively. QCD and 1/mg corrections shift the decay width values at most by 30
MeV (~ 12%).

With the analysis and various results of the strange and non strange bottom and
charm mesons in hqget framework, we believe to provide a useful insight to the spec-
troscopy of the heavy light mesons. It is our hope and belief that our predictions of
the unknown couplings, masses, decay rates can provide a useful insight to experi-
mentalists for searching new states. We are still very far from the ultimate goal of
understanding the QCD properties of heavy-light mesons. The study of heavy-light
mesons in this thesis has provided a good stepping stone, but this present work
can be extended in future to study the highly excited spectra of charm and bot-
tom mesons. This extension can be done by constructing the effective lagrangian
by including the higher order of 1/m¢ corrections. Moreover, one can also extend
the work by looking into the strong decays decaying to ground state not only along
with the light pseudo-scalar mesons J” = 07, but also through vector mesons with

JP = 17. To get a clear approach, semileptonic weak and electromagnetic decays
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can also be studied along with the strong decays. The same approach can also be

extended for studying the baryons containing a single heavy quark.
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